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Motor	 ﾠcortex,	 ﾠbasal	 ﾠganglia	 ﾠ(BG),	 ﾠand	 ﾠthalamus	 ﾠare	 ﾠanatomically	 ﾠarranged	 ﾠin	 ﾠa	 ﾠrecurrent	 ﾠloop	 ﾠwhose	 ﾠ
activity	 ﾠis	 ﾠhypothesized	 ﾠto	 ﾠbe	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠselection	 ﾠof	 ﾠmotor	 ﾠactions.	 ﾠ	 ﾠDirect	 ﾠ(dSPN)	 ﾠand	 ﾠindirect	 ﾠ
(iSPN)	 ﾠstriatal	 ﾠprojection	 ﾠneurons	 ﾠreceive	 ﾠexcitatory	 ﾠinput	 ﾠfrom	 ﾠcortex,	 ﾠand	 ﾠare	 ﾠthought	 ﾠto	 ﾠoppositely	 ﾠ
modulate	 ﾠcortical	 ﾠactivity	 ﾠvia	 ﾠBG	 ﾠoutput	 ﾠto	 ﾠthalamus.	 ﾠ	 ﾠHere,	 ﾠwe	 ﾠtest	 ﾠthe	 ﾠcentral	 ﾠtenets	 ﾠof	 ﾠthis	 ﾠmodel	 ﾠin	 ﾠ
head-ﾭ‐restrained	 ﾠmice	 ﾠperforming	 ﾠan	 ﾠoperant	 ﾠconditioning	 ﾠtask	 ﾠusing	 ﾠoptogenetic	 ﾠmanipulation	 ﾠof	 ﾠdSPNs	 ﾠ
and	 ﾠiSPNs	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠactivity	 ﾠin	 ﾠeach	 ﾠpathway	 ﾠon	 ﾠprimary	 ﾠmotor	 ﾠcortex.	 ﾠWe	 ﾠfind	 ﾠthat	 ﾠ
dSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠhas	 ﾠbidirectional,	 ﾠrobust,	 ﾠand	 ﾠrapid	 ﾠeffects	 ﾠon	 ﾠmotor	 ﾠcortex	 ﾠthat	 ﾠare	 ﾠhighly	 ﾠ
context-ﾭ‐dependent,	 ﾠwith	 ﾠdistinct	 ﾠeffects	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠduring	 ﾠquiescent	 ﾠand	 ﾠactive	 ﾠperiods.	 ﾠ	 ﾠThus,	 ﾠthe	 ﾠ
effects	 ﾠof	 ﾠactivity	 ﾠin	 ﾠeach	 ﾠpathway	 ﾠare	 ﾠat	 ﾠtimes	 ﾠantagonistic	 ﾠand	 ﾠconsistent	 ﾠwith	 ﾠclassic	 ﾠmodels,	 ﾠwhereas	 ﾠ
in	 ﾠother	 ﾠbehavioral	 ﾠcontexts	 ﾠthe	 ﾠtwo	 ﾠpathways	 ﾠwill	 ﾠwork	 ﾠin	 ﾠthe	 ﾠsame	 ﾠdirection	 ﾠor	 ﾠhave	 ﾠno	 ﾠeffect	 ﾠat	 ﾠall.	 ﾠ	 ﾠIn	 ﾠ
a	 ﾠseparate	 ﾠbut	 ﾠrelated	 ﾠproject,	 ﾠwe	 ﾠdescribe	 ﾠa	 ﾠdirect	 ﾠprojection	 ﾠfrom	 ﾠthe	 ﾠglobus	 ﾠpallidus	 ﾠexterna	 ﾠ(GP),	 ﾠa	 ﾠ
central	 ﾠnucleus	 ﾠof	 ﾠthe	 ﾠBG,	 ﾠto	 ﾠfrontal	 ﾠregions	 ﾠof	 ﾠthe	 ﾠcerebral	 ﾠcortex	 ﾠ(FC),	 ﾠwhich	 ﾠis	 ﾠnot	 ﾠtypically	 ﾠincluded	 ﾠin	 ﾠ
models	 ﾠof	 ﾠBG	 ﾠfunction.	 ﾠTwo	 ﾠcell	 ﾠtypes	 ﾠmake	 ﾠup	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection,	 ﾠdistinguished	 ﾠby	 ﾠtheir	 ﾠ
electrophysiological	 ﾠproperties,	 ﾠcortical	 ﾠprojection	 ﾠpatterns	 ﾠand	 ﾠexpression	 ﾠof	 ﾠcholine	 ﾠacyteltransferase	 ﾠ
(ChAT),	 ﾠa	 ﾠgenetic	 ﾠmarker	 ﾠfor	 ﾠthe	 ﾠneurotransmitter	 ﾠacetylcholine.	 ﾠThese	 ﾠcholinergic	 ﾠGP	 ﾠcells	 ﾠreceive	 ﾠbasal	 ﾠ
ganglia	 ﾠinput	 ﾠand	 ﾠbidirectionally	 ﾠmodulate	 ﾠfiring	 ﾠin	 ﾠFC	 ﾠof	 ﾠawake	 ﾠmice.	 ﾠSince	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠreceive	 ﾠ
dopamine	 ﾠsensitive	 ﾠinhibition	 ﾠfrom	 ﾠiSPNs	 ﾠand	 ﾠdSPNs,	 ﾠthis	 ﾠcircuit	 ﾠreveals	 ﾠa	 ﾠpathway	 ﾠby	 ﾠwhich	 ﾠ
neuropsychiatric	 ﾠpharmaceuticals	 ﾠcan	 ﾠact	 ﾠin	 ﾠthe	 ﾠBG	 ﾠand	 ﾠyet	 ﾠmodulate	 ﾠfrontal	 ﾠcortices.	 ﾠTogether,	 ﾠthese	 ﾠ	 ﾠ
	 ﾠ
iv	 ﾠ
two	 ﾠprojects	 ﾠexpand	 ﾠour	 ﾠunderstanding	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 ﾠthe	 ﾠcomplexities	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 ﾠbasal	 ﾠganglia	 ﾠcircuitry	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Chapter	 ﾠ1	 ﾠ
	 ﾠIntroduction:	 ﾠ
	 ﾠ
The	 ﾠbasal	 ﾠganglia	 ﾠ(BG)	 ﾠare	 ﾠan	 ﾠinterconnected	 ﾠgroup	 ﾠof	 ﾠnuclei	 ﾠcritical	 ﾠto	 ﾠthe	 ﾠcontrol	 ﾠof	 ﾠvoluntary	 ﾠ
movements	 ﾠ(Graybiel	 ﾠet	 ﾠal.	 ﾠ1994)	 ﾠand	 ﾠare	 ﾠaffected	 ﾠin	 ﾠmultiple	 ﾠneurological	 ﾠdisorders	 ﾠ(DeLong	 ﾠ1990;	 ﾠ
Albin	 ﾠet	 ﾠal.	 ﾠ1989).	 ﾠClassically,	 ﾠthe	 ﾠBG,	 ﾠThalamus,	 ﾠand	 ﾠMotor	 ﾠCortex	 ﾠare	 ﾠarranged	 ﾠin	 ﾠreentrant	 ﾠloops,	 ﾠ
where	 ﾠactivity	 ﾠfrom	 ﾠthe	 ﾠcortex	 ﾠconverges	 ﾠon	 ﾠdirect	 ﾠ(dSPN)	 ﾠand	 ﾠindirect	 ﾠ(iSPN)	 ﾠpathway	 ﾠneurons	 ﾠof	 ﾠthe	 ﾠ
striatum.	 ﾠThese	 ﾠSPNs	 ﾠoppositely	 ﾠmodulate	 ﾠactivity	 ﾠin	 ﾠthe	 ﾠoutput	 ﾠnuclei	 ﾠof	 ﾠthe	 ﾠBG,	 ﾠwhich	 ﾠsubsequently	 ﾠ
inhibits	 ﾠthalamus,	 ﾠwhich	 ﾠin	 ﾠturn	 ﾠactivates	 ﾠmotor	 ﾠcortex.	 ﾠThe	 ﾠgross	 ﾠanatomy	 ﾠof	 ﾠBG	 ﾠhas	 ﾠled	 ﾠto	 ﾠa	 ﾠpush-ﾭ‐pull	 ﾠ
model	 ﾠof	 ﾠBG	 ﾠcontrol	 ﾠover	 ﾠmotor	 ﾠcortex	 ﾠ(Graybiel	 ﾠet	 ﾠal.	 ﾠ1994;	 ﾠDeLong	 ﾠ1990).	 ﾠHowever,	 ﾠgiven	 ﾠthat	 ﾠthe	 ﾠ
anatomy	 ﾠis	 ﾠfundamentally	 ﾠstatic,	 ﾠthis	 ﾠmodel	 ﾠlacks	 ﾠability	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠthese	 ﾠpathways	 ﾠduring	 ﾠ
phases	 ﾠof	 ﾠan	 ﾠanimal’s	 ﾠbehavior.	 ﾠIn	 ﾠthis	 ﾠthesis	 ﾠwe	 ﾠseek	 ﾠto	 ﾠdirectly	 ﾠaddress	 ﾠthe	 ﾠfundamental	 ﾠtenants	 ﾠof	 ﾠthis	 ﾠ
model	 ﾠby	 ﾠartificially	 ﾠmodulating	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠtwo	 ﾠprimary	 ﾠclasses	 ﾠof	 ﾠstriatal	 ﾠneurons,	 ﾠasking	 ﾠhow	 ﾠ
theiractivity	 ﾠchanges	 ﾠthe	 ﾠfiring	 ﾠin	 ﾠmotor	 ﾠcortex	 ﾠin	 ﾠthe	 ﾠcontext	 ﾠof	 ﾠa	 ﾠbehaving	 ﾠanimal.	 ﾠ	 ﾠ
1.1	 ﾠDiseases	 ﾠof	 ﾠthe	 ﾠBasal	 ﾠGanglia	 ﾠ
The	 ﾠinput	 ﾠto	 ﾠthe	 ﾠBG,	 ﾠthe	 ﾠStriatum,	 ﾠwas	 ﾠfirst	 ﾠdescribed	 ﾠby	 ﾠname	 ﾠ(then	 ﾠcorpus	 ﾠstriatum)	 ﾠalmost	 ﾠ
350	 ﾠyears	 ﾠago	 ﾠby	 ﾠThomas	 ﾠWillis	 ﾠ(Willis	 ﾠ1664),	 ﾠalthough	 ﾠas	 ﾠa	 ﾠlarge	 ﾠdistinct	 ﾠbrain	 ﾠstructure,	 ﾠits	 ﾠpresence	 ﾠ
was	 ﾠprobably	 ﾠknown	 ﾠsince	 ﾠantiquity.	 ﾠSubsequent	 ﾠanatomists	 ﾠidentified	 ﾠother	 ﾠnuclei	 ﾠto	 ﾠcreate	 ﾠa	 ﾠrelatively	 ﾠ
complete	 ﾠdepiction	 ﾠof	 ﾠthe	 ﾠBG	 ﾠby	 ﾠthe	 ﾠmiddle	 ﾠof	 ﾠthe	 ﾠ19
th	 ﾠcentury.	 ﾠFélix	 ﾠVicq	 ﾠd’Azyr	 ﾠnamed	 ﾠthe	 ﾠoutput	 ﾠof	 ﾠ
the	 ﾠbasal	 ﾠganglia	 ﾠthe	 ﾠsubstantia	 ﾠnigra	 ﾠin	 ﾠ1786,	 ﾠand	 ﾠKarl	 ﾠFriedrich	 ﾠBurdach	 ﾠused	 ﾠthe	 ﾠterm	 ﾠglobus	 ﾠpallidus	 ﾠ
in	 ﾠ1810	 ﾠto	 ﾠdenote	 ﾠa	 ﾠseparate	 ﾠnuclei	 ﾠlocated	 ﾠadjacent	 ﾠto	 ﾠthe	 ﾠstriatum	 ﾠ(Lee	 ﾠ&	 ﾠShaw	 ﾠ2012).	 ﾠThese	 ﾠnuclei	 ﾠ	 ﾠ
	 ﾠ
2	 ﾠ
would	 ﾠlater	 ﾠbe	 ﾠrealized	 ﾠas	 ﾠthe	 ﾠprinciple	 ﾠtargets	 ﾠof	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathway	 ﾠneurons.	 ﾠInterestingly,	 ﾠ
from	 ﾠthe	 ﾠearliest	 ﾠ1664	 ﾠdescriptions	 ﾠof	 ﾠstriatum	 ﾠthe	 ﾠconnection	 ﾠto	 ﾠmotor	 ﾠpathology	 ﾠwas	 ﾠsuspected;	 ﾠWillis	 ﾠ
noted	 ﾠa	 ﾠrelationship	 ﾠbetween	 ﾠparalysis	 ﾠand	 ﾠstriatal	 ﾠabnormalities	 ﾠ(Meyer	 ﾠ&	 ﾠHierons	 ﾠ1964).	 ﾠ	 ﾠ
Today,	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠBG	 ﾠin	 ﾠmovement	 ﾠis	 ﾠwell	 ﾠaccepted.	 ﾠMany	 ﾠdisorders	 ﾠof	 ﾠthe	 ﾠBG,	 ﾠsuch	 ﾠas	 ﾠ
Parkinson’s	 ﾠand	 ﾠHuntington’s	 ﾠDisease,	 ﾠare	 ﾠhallmarked	 ﾠby	 ﾠsevere	 ﾠmotor	 ﾠimpairments.	 ﾠIntriguingly,	 ﾠthe	 ﾠBG	 ﾠ
have	 ﾠrecently	 ﾠbeen	 ﾠimplicated	 ﾠin	 ﾠother	 ﾠmore	 ﾠcognitive	 ﾠdiseases,	 ﾠsuch	 ﾠas	 ﾠobsessive-ﾭ‐compulsive	 ﾠdisorder,	 ﾠ
Tourette’s	 ﾠdisorder,	 ﾠand	 ﾠSchizophrenia,	 ﾠhave	 ﾠalso	 ﾠbecome	 ﾠassociated	 ﾠas	 ﾠdeficits	 ﾠof	 ﾠthe	 ﾠBG.	 ﾠ	 ﾠFurthermore,	 ﾠ
many	 ﾠof	 ﾠthe	 ﾠso	 ﾠcalled	 ﾠ‘motor	 ﾠdiseases’	 ﾠmay	 ﾠalso	 ﾠhave	 ﾠsignificant	 ﾠcognitive	 ﾠabnormalities	 ﾠthat	 ﾠpresent	 ﾠ
later	 ﾠor	 ﾠmore	 ﾠin	 ﾠmore	 ﾠsubtle	 ﾠways	 ﾠas	 ﾠthe	 ﾠdiseases	 ﾠprogress	 ﾠ(Sawamoto	 ﾠet	 ﾠal.	 ﾠ2002),	 ﾠindicating	 ﾠthat	 ﾠthere	 ﾠ
may	 ﾠbe	 ﾠcrosstalk	 ﾠbetween	 ﾠmany	 ﾠmodalities.	 ﾠNonetheless,	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠthe	 ﾠresearch	 ﾠon	 ﾠbasal	 ﾠganglia	 ﾠ
diseases	 ﾠhas	 ﾠfocused	 ﾠon	 ﾠthe	 ﾠmore	 ﾠobvious	 ﾠmotor	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia.	 ﾠ
Many	 ﾠtreatments	 ﾠof	 ﾠBG	 ﾠmovement	 ﾠdisorders	 ﾠrely	 ﾠon	 ﾠdetailed	 ﾠknowledge	 ﾠof	 ﾠthe	 ﾠanatomy	 ﾠof	 ﾠthe	 ﾠ
basal	 ﾠganglia	 ﾠand	 ﾠits	 ﾠconnections.	 ﾠPioneered	 ﾠin	 ﾠthe	 ﾠ1940s	 ﾠsterotaxic	 ﾠlesioning	 ﾠof	 ﾠthe	 ﾠGlobus	 ﾠPallidus	 ﾠand	 ﾠ
later	 ﾠparts	 ﾠof	 ﾠthalamus	 ﾠproved	 ﾠto	 ﾠbe	 ﾠa	 ﾠuseful	 ﾠtreatment	 ﾠin	 ﾠParkinson’s	 ﾠdisease	 ﾠand	 ﾠtremor	 ﾠ(Gildenberg	 ﾠ
2006).	 ﾠHowever	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠthese	 ﾠlesions	 ﾠare	 ﾠoften	 ﾠparadoxically	 ﾠat	 ﾠodds	 ﾠwith	 ﾠthe	 ﾠpredicted	 ﾠroles	 ﾠof	 ﾠ
the	 ﾠnuclei	 ﾠtargeted;	 ﾠpallidal	 ﾠlesions	 ﾠexpected	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠunintentional	 ﾠmovements	 ﾠmay	 ﾠ
in	 ﾠfact	 ﾠdecrease	 ﾠwith	 ﾠlesion	 ﾠ(Marsden	 ﾠ&	 ﾠObeso	 ﾠ1994).	 ﾠ	 ﾠMore	 ﾠrecently	 ﾠstereotaxic	 ﾠlesions	 ﾠhave	 ﾠgiven	 ﾠway	 ﾠ
to	 ﾠthe	 ﾠimplantation	 ﾠof	 ﾠDeep	 ﾠBrain	 ﾠStimulation	 ﾠ(DBS)	 ﾠas	 ﾠan	 ﾠeffective,	 ﾠand	 ﾠadjustable	 ﾠmeans	 ﾠof	 ﾠcontrolling	 ﾠ
Parkinson’s	 ﾠDisease	 ﾠ(Bronstein	 ﾠet	 ﾠal.	 ﾠ2011).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠDBS	 ﾠhas	 ﾠproven	 ﾠeffective	 ﾠat	 ﾠtreating	 ﾠDystonia,	 ﾠ
Tremor,	 ﾠHuntington’s	 ﾠDisease	 ﾠ(Biolsi	 ﾠet	 ﾠal.	 ﾠ2008;	 ﾠMontgomery	 ﾠ2004),	 ﾠas	 ﾠwell	 ﾠas	 ﾠObsessive	 ﾠCompulsive	 ﾠ
Disorder	 ﾠ(Heimer	 ﾠet	 ﾠal.	 ﾠ2007).	 ﾠHowever,	 ﾠthe	 ﾠexact	 ﾠcircuit	 ﾠlevel	 ﾠeffects	 ﾠof	 ﾠDBS	 ﾠremain	 ﾠdebatable,	 ﾠwith	 ﾠ
some	 ﾠ reports	 ﾠ indicating	 ﾠ that	 ﾠ the	 ﾠ principle	 ﾠ effect	 ﾠ of	 ﾠ DBS	 ﾠ might	 ﾠ be	 ﾠ inhibition	 ﾠ of	 ﾠ a	 ﾠ nucleus	 ﾠ or	 ﾠ even	 ﾠ
excitation	 ﾠof	 ﾠneighboring	 ﾠfibers	 ﾠof	 ﾠpassage	 ﾠ(Gradinaru	 ﾠet	 ﾠal.	 ﾠ2009).	 ﾠFurthermore,	 ﾠgiven	 ﾠthat	 ﾠthe	 ﾠexact	 ﾠ	 ﾠ
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role	 ﾠof	 ﾠeach	 ﾠof	 ﾠthese	 ﾠnuclei	 ﾠis	 ﾠpoorly	 ﾠunderstood,	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠdifficult	 ﾠto	 ﾠdesign	 ﾠand	 ﾠpredict	 ﾠnew	 ﾠtargets	 ﾠ
and	 ﾠnew	 ﾠstimulation	 ﾠparadigms	 ﾠfor	 ﾠDBS.	 ﾠUnderstanding	 ﾠthe	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠBG,	 ﾠespecially	 ﾠin	 ﾠthe	 ﾠcontext	 ﾠof	 ﾠ
behavior,	 ﾠwill	 ﾠenable	 ﾠus	 ﾠto	 ﾠbetter	 ﾠpredict	 ﾠthe	 ﾠoverall	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠBG	 ﾠand	 ﾠallow	 ﾠus	 ﾠto	 ﾠdiscover	 ﾠwhat	 ﾠ
has	 ﾠchanged	 ﾠin	 ﾠdisease	 ﾠstates.	 ﾠ	 ﾠ
1.2	 ﾠArchitecture	 ﾠof	 ﾠthe	 ﾠBasal	 ﾠGanglia	 ﾠ
Classical	 ﾠmodels	 ﾠof	 ﾠthe	 ﾠBG	 ﾠpresent	 ﾠmultiple	 ﾠparallel	 ﾠclosed	 ﾠloop	 ﾠpathways,	 ﾠinvolving	 ﾠdifferent	 ﾠ
regions	 ﾠ and	 ﾠ nuclei	 ﾠ for	 ﾠ different	 ﾠ modalities	 ﾠ (Haber	 ﾠ 2003;	 ﾠ Parent	 ﾠ &	 ﾠ Hazrati	 ﾠ 1995).	 ﾠ These	 ﾠ largely	 ﾠ
segregated	 ﾠ pathways	 ﾠ all	 ﾠ involve	 ﾠ extensive	 ﾠ convergent	 ﾠ input	 ﾠ from	 ﾠ many	 ﾠ cortical	 ﾠ regions	 ﾠ onto	 ﾠ the	 ﾠ
striatum,	 ﾠ but	 ﾠ can	 ﾠ output	 ﾠ through	 ﾠ one	 ﾠ of	 ﾠ several	 ﾠ output	 ﾠ nuclei	 ﾠ to	 ﾠ targets	 ﾠ including	 ﾠ Thalamus	 ﾠ and	 ﾠ
Superior	 ﾠColliculus,	 ﾠwhich	 ﾠcomplete	 ﾠthe	 ﾠloop	 ﾠby	 ﾠsynapsing	 ﾠin	 ﾠcortex.	 ﾠIn	 ﾠcontrast	 ﾠto	 ﾠthe	 ﾠCortex,	 ﾠthe	 ﾠ
predominant	 ﾠ neurotransmitter	 ﾠ throughout	 ﾠ the	 ﾠ basal	 ﾠ ganglia	 ﾠ is	 ﾠ GABA;	 ﾠ and	 ﾠ each	 ﾠ nucleus	 ﾠ inhibits	 ﾠ or	 ﾠ
disinhibits	 ﾠthe	 ﾠongoing	 ﾠactivity	 ﾠof	 ﾠits	 ﾠtargets	 ﾠ(Chevalier	 ﾠ&	 ﾠDeniau	 ﾠ1990).	 ﾠ
In	 ﾠthe	 ﾠcase	 ﾠof	 ﾠthe	 ﾠmotor	 ﾠsystem,	 ﾠthe	 ﾠmotor	 ﾠcortex	 ﾠsends	 ﾠglutamatergic	 ﾠinputs	 ﾠto	 ﾠthe	 ﾠBG	 ﾠand	 ﾠis	 ﾠin	 ﾠ
turn	 ﾠinfluenced	 ﾠby	 ﾠthe	 ﾠBG	 ﾠvia	 ﾠtheir	 ﾠinhibitory	 ﾠoutput	 ﾠto	 ﾠthe	 ﾠthalamus	 ﾠand	 ﾠother	 ﾠnuclei.	 ﾠ	 ﾠConvergent	 ﾠ
excitatory	 ﾠinput	 ﾠto	 ﾠthe	 ﾠBG	 ﾠfrom	 ﾠmotor	 ﾠcortex	 ﾠand	 ﾠother	 ﾠregions	 ﾠarrive	 ﾠin	 ﾠthe	 ﾠdorsal	 ﾠstriatum	 ﾠand	 ﾠsynapse	 ﾠ
onto	 ﾠ striatal	 ﾠ projection	 ﾠ neurons	 ﾠ (SPNs)	 ﾠ (Alexander	 ﾠ et	 ﾠ al.	 ﾠ 1986).	 ﾠ 	 ﾠ These	 ﾠ inputs	 ﾠ are	 ﾠ somatotopically	 ﾠ
organized,	 ﾠand	 ﾠthis	 ﾠorganization	 ﾠis	 ﾠpreserved	 ﾠthroughout	 ﾠdownstream	 ﾠnuclei	 ﾠ(Nambu	 ﾠ2011;	 ﾠEbrahimi	 ﾠet	 ﾠ
al.	 ﾠ1992).	 ﾠ	 ﾠStill,	 ﾠconvergence	 ﾠbetween	 ﾠdifferent	 ﾠmotor	 ﾠcortices	 ﾠis	 ﾠpresent	 ﾠin	 ﾠstriatum	 ﾠ(Takada	 ﾠet	 ﾠal.	 ﾠ1998).	 ﾠ
The	 ﾠoutput	 ﾠof	 ﾠstriatum	 ﾠconsists	 ﾠof	 ﾠtwo	 ﾠseparate	 ﾠclasses	 ﾠof	 ﾠGABAergic	 ﾠneurons	 ﾠknown	 ﾠas	 ﾠthe	 ﾠdirect	 ﾠ
(dSPN)	 ﾠor	 ﾠindirect	 ﾠ(iSPN)	 ﾠpathway	 ﾠSPNs.	 ﾠThe	 ﾠdirect	 ﾠpathway,	 ﾠalso	 ﾠknown	 ﾠas	 ﾠthe	 ﾠstriatonigral	 ﾠpathway,	 ﾠ
projects	 ﾠdirectly	 ﾠto	 ﾠthe	 ﾠSubstantia	 ﾠNigra	 ﾠpars	 ﾠreticulate	 ﾠ(SNr)	 ﾠ(Gerfen	 ﾠet	 ﾠal.	 ﾠ1990).	 ﾠWhereas,	 ﾠthe	 ﾠindirect,	 ﾠ
or	 ﾠstriatopallidal,	 ﾠpathway	 ﾠsynapses	 ﾠin	 ﾠthe	 ﾠexternal	 ﾠsegment	 ﾠof	 ﾠthe	 ﾠGlobus	 ﾠPallidus	 ﾠ(GPe).	 ﾠThe	 ﾠGPe	 ﾠ
inhibits	 ﾠthe	 ﾠSNr	 ﾠdirectly	 ﾠand	 ﾠvia	 ﾠan	 ﾠintermediary	 ﾠnucleus	 ﾠthe	 ﾠSubthalamic	 ﾠNucleus	 ﾠ(STN).	 ﾠ	 ﾠUnlike	 ﾠthe	 ﾠGPe,	 ﾠ	 ﾠ
	 ﾠ
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and	 ﾠSNr	 ﾠthe	 ﾠSTN	 ﾠsends	 ﾠexcitatory	 ﾠprojections,	 ﾠand	 ﾠreceives	 ﾠglutamatergic	 ﾠinputs	 ﾠfrom	 ﾠcortex,	 ﾠin	 ﾠwhat	 ﾠ
has	 ﾠbeen	 ﾠcalled	 ﾠthe	 ﾠhyperdirect	 ﾠpathway	 ﾠ(Nambu	 ﾠet	 ﾠal.	 ﾠ2002).	 ﾠ	 ﾠThe	 ﾠSNr	 ﾠsubsequently	 ﾠinhibits	 ﾠseveral	 ﾠ
thalamic	 ﾠnuclei	 ﾠincluding	 ﾠventrolateral	 ﾠthalamus	 ﾠ(VL)	 ﾠand	 ﾠmediodorsal	 ﾠ(MD)	 ﾠ(Deniau	 ﾠet	 ﾠal.	 ﾠ1978).	 ﾠThese	 ﾠ
nuclei	 ﾠcomplete	 ﾠthe	 ﾠloop	 ﾠvia	 ﾠan	 ﾠexcitatory	 ﾠprojection	 ﾠback	 ﾠto	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠand	 ﾠstriatum.	 ﾠ(See	 ﾠ
Figure	 ﾠ1.1)	 ﾠ
	 ﾠ
Figure	 ﾠ1.1	 ﾠSimplified	 ﾠBasal	 ﾠGanglia	 ﾠArchitecture	 ﾠ
While	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠare	 ﾠcommonly	 ﾠdescribed	 ﾠas	 ﾠdistinct,	 ﾠthere	 ﾠare	 ﾠmultiple	 ﾠ
avenues	 ﾠby	 ﾠwhich	 ﾠthe	 ﾠtwo	 ﾠpathways	 ﾠinteract.	 ﾠFirst,	 ﾠboth	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathway	 ﾠcells	 ﾠmutually	 ﾠ
inhibit	 ﾠeach	 ﾠother,	 ﾠthrough	 ﾠreciprocal	 ﾠGABAergic	 ﾠsynapses.	 ﾠNext,	 ﾠdirect	 ﾠpathway	 ﾠstriatonigral,	 ﾠcells	 ﾠhave	 ﾠ	 ﾠ
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been	 ﾠshown	 ﾠto	 ﾠalso	 ﾠsend	 ﾠaxon	 ﾠcollaterals	 ﾠto	 ﾠthe	 ﾠGPe	 ﾠ(Cazorla	 ﾠ et	 ﾠ al.	 ﾠ 2014;	 ﾠ Kawaguchi	 ﾠ et	 ﾠ al.	 ﾠ 1990),	 ﾠ
although	 ﾠthe	 ﾠfull	 ﾠimportance	 ﾠof	 ﾠthis	 ﾠprojection	 ﾠremains	 ﾠunclear.	 ﾠAnd	 ﾠfinally,	 ﾠboth	 ﾠpathways	 ﾠsynapse	 ﾠin	 ﾠ
the	 ﾠsame	 ﾠregion	 ﾠof	 ﾠSNr,	 ﾠwhere	 ﾠindividual	 ﾠnigral	 ﾠcells	 ﾠcan	 ﾠreceive	 ﾠinput	 ﾠfrom	 ﾠboth	 ﾠdSPNs	 ﾠand	 ﾠGPe	 ﾠcells	 ﾠ
(Smith	 ﾠ&	 ﾠBolam	 ﾠ1991).	 ﾠ
In	 ﾠ addition	 ﾠ to	 ﾠ the	 ﾠ classical	 ﾠ cortex-ﾭ‐BG-ﾭ‐thalamus-ﾭ‐cortex	 ﾠ loop,	 ﾠ there	 ﾠ are	 ﾠ multiple	 ﾠ other	 ﾠ loops	 ﾠ
within	 ﾠthe	 ﾠbasal	 ﾠganglia,	 ﾠwhich	 ﾠare	 ﾠpossible	 ﾠgiven	 ﾠthe	 ﾠknown	 ﾠconnections	 ﾠbetween	 ﾠthese	 ﾠnuclei.	 ﾠMost	 ﾠ
obvious	 ﾠis	 ﾠthe	 ﾠexcitatory	 ﾠinput	 ﾠfrom	 ﾠintralaminar	 ﾠthalamic	 ﾠnuclei	 ﾠto	 ﾠthe	 ﾠstriatum	 ﾠ(Smith	 ﾠet	 ﾠal.	 ﾠ2004).	 ﾠ	 ﾠ
However,	 ﾠthere	 ﾠalso	 ﾠexists	 ﾠreciprocal	 ﾠprojections	 ﾠbetween	 ﾠthe	 ﾠGPe	 ﾠand	 ﾠthe	 ﾠSTN	 ﾠ(Graybiel	 ﾠ1990),	 ﾠand	 ﾠ
back	 ﾠfrom	 ﾠthe	 ﾠGPe	 ﾠto	 ﾠthe	 ﾠstriatum	 ﾠ(Kita	 ﾠ&	 ﾠKitai	 ﾠ1994).	 ﾠFurthermore,	 ﾠthe	 ﾠdopaminergic	 ﾠprojections	 ﾠfrom	 ﾠ
the	 ﾠSubstantia	 ﾠNigra	 ﾠpars	 ﾠcompacta	 ﾠ(SNc)	 ﾠtarget	 ﾠboth	 ﾠclasses	 ﾠof	 ﾠstriatal	 ﾠprojection	 ﾠneurons	 ﾠand	 ﾠreceives	 ﾠ
direct	 ﾠinput	 ﾠfrom	 ﾠthe	 ﾠSNr,	 ﾠproviding	 ﾠyet	 ﾠanother	 ﾠroute	 ﾠby	 ﾠwhich	 ﾠstriatal	 ﾠactivity	 ﾠcould	 ﾠinfluence	 ﾠitself.	 ﾠTo	 ﾠ
further	 ﾠcomplicate	 ﾠmatters,	 ﾠdirect	 ﾠprojections	 ﾠfrom	 ﾠthe	 ﾠGPe	 ﾠto	 ﾠthe	 ﾠPF	 ﾠof	 ﾠthe	 ﾠThalamus	 ﾠhas	 ﾠrecently	 ﾠbeen	 ﾠ
reported	 ﾠallowing	 ﾠfor	 ﾠan	 ﾠadditional	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠ(Mastro	 ﾠet	 ﾠal.	 ﾠ2014).	 ﾠThese	 ﾠmultiple	 ﾠloops	 ﾠ
further	 ﾠconfound	 ﾠthe	 ﾠinterpretation	 ﾠof	 ﾠhow	 ﾠthis	 ﾠsystem	 ﾠis	 ﾠexpected	 ﾠto	 ﾠbehave.	 ﾠ
1.3	 ﾠCell	 ﾠtypes	 ﾠand	 ﾠInterneurons	 ﾠof	 ﾠthe	 ﾠStriatum	 ﾠ
	 ﾠ The	 ﾠstriatum	 ﾠis	 ﾠthe	 ﾠprimary	 ﾠinput	 ﾠstructure	 ﾠto	 ﾠthe	 ﾠBG,	 ﾠand	 ﾠwill	 ﾠbe	 ﾠthe	 ﾠtarget	 ﾠof	 ﾠmost	 ﾠof	 ﾠour	 ﾠ
manipulations	 ﾠin	 ﾠthis	 ﾠwork.	 ﾠAs	 ﾠsuch	 ﾠit	 ﾠis	 ﾠnecessary	 ﾠto	 ﾠbriefly	 ﾠexplore	 ﾠthe	 ﾠcell	 ﾠtypes	 ﾠthat	 ﾠexist	 ﾠin	 ﾠthe	 ﾠ
striatum	 ﾠand	 ﾠhow	 ﾠthey	 ﾠmay	 ﾠinteract.	 ﾠThe	 ﾠmost	 ﾠabundant	 ﾠcell	 ﾠtypes	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠare	 ﾠunequivocally	 ﾠthe	 ﾠ
GABAergic	 ﾠdSPNs	 ﾠand	 ﾠiSPNs,	 ﾠoriginally	 ﾠcalled	 ﾠthe	 ﾠMedium	 ﾠSpiny	 ﾠNeurons,	 ﾠthese	 ﾠprojection	 ﾠneurons	 ﾠ
make	 ﾠup	 ﾠ>95%	 ﾠof	 ﾠthe	 ﾠneurons	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠ(Tepper	 ﾠet	 ﾠal.	 ﾠ2004).	 ﾠ	 ﾠThese	 ﾠneurons	 ﾠprincipally	 ﾠtarget	 ﾠ
other	 ﾠSPNs	 ﾠto	 ﾠcause	 ﾠlateral	 ﾠinhibition	 ﾠ(Wilson	 ﾠ&	 ﾠGroves	 ﾠ1980).	 ﾠIn	 ﾠvivo	 ﾠSPNs	 ﾠare	 ﾠthought	 ﾠto	 ﾠfire	 ﾠin	 ﾠa	 ﾠphasic	 ﾠ
manner	 ﾠengaging	 ﾠin	 ﾠso	 ﾠcalled	 ﾠup	 ﾠand	 ﾠdown	 ﾠstates	 ﾠ(Stern	 ﾠet	 ﾠal.	 ﾠ1998).	 ﾠMany	 ﾠSPNs	 ﾠfire	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ
different	 ﾠparts	 ﾠof	 ﾠmovements,	 ﾠcues	 ﾠand	 ﾠactions	 ﾠ(Aldridge	 ﾠet	 ﾠal.	 ﾠ1980;	 ﾠJin	 ﾠet	 ﾠal.	 ﾠ2014).	 ﾠBut	 ﾠinterestingly,	 ﾠ	 ﾠ
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both	 ﾠclasses	 ﾠof	 ﾠSPN	 ﾠfire	 ﾠat	 ﾠthe	 ﾠbeginning	 ﾠof	 ﾠaction	 ﾠbouts	 ﾠ(Cui	 ﾠet	 ﾠal.	 ﾠ2014).	 ﾠ	 ﾠThis	 ﾠhas	 ﾠlead	 ﾠto	 ﾠthe	 ﾠtheory	 ﾠ
that	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠis	 ﾠresponsible	 ﾠfor	 ﾠ‘Chunking’	 ﾠinformation	 ﾠand	 ﾠforming	 ﾠhabits	 ﾠ(Graybiel	 ﾠ1998).	 ﾠStill	 ﾠ
other	 ﾠmodels	 ﾠof	 ﾠthe	 ﾠfunctional	 ﾠrole	 ﾠof	 ﾠSPNs	 ﾠfocus	 ﾠon	 ﾠtheir	 ﾠrole	 ﾠin	 ﾠreward,	 ﾠdopamine	 ﾠfrom	 ﾠthe	 ﾠSNc	 ﾠand	 ﾠ
ventral	 ﾠtegmental	 ﾠarea	 ﾠinto	 ﾠstriatum	 ﾠis	 ﾠa	 ﾠreward	 ﾠsignal	 ﾠ(Bayer	 ﾠ&	 ﾠGlimcher	 ﾠ2005).	 ﾠActivity	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠ
iSPNs	 ﾠis	 ﾠinherently	 ﾠappetitive	 ﾠand	 ﾠaversive	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2012),	 ﾠindicating	 ﾠthat	 ﾠSPNs	 ﾠmay	 ﾠplay	 ﾠa	 ﾠcrucial	 ﾠ
role	 ﾠpairing	 ﾠreward	 ﾠinformation	 ﾠto	 ﾠits	 ﾠcontext.	 ﾠ	 ﾠ
No	 ﾠdescription	 ﾠof	 ﾠthe	 ﾠneurons	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠwould	 ﾠbe	 ﾠcomplete	 ﾠwithout	 ﾠsome	 ﾠreference	 ﾠto	 ﾠthe	 ﾠ
existence	 ﾠ of	 ﾠ patches.	 ﾠ SPNs	 ﾠ of	 ﾠ both	 ﾠ varieties	 ﾠ are	 ﾠ spatially	 ﾠ segregated	 ﾠ into	 ﾠ functionally	 ﾠ distinct	 ﾠ
compartments	 ﾠknown	 ﾠas	 ﾠpatches	 ﾠor	 ﾠstriasomes,	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠidentified	 ﾠby	 ﾠopiate	 ﾠmarkers	 ﾠ(Gerfen	 ﾠ1984).	 ﾠ	 ﾠ
SPNs	 ﾠ near	 ﾠ the	 ﾠ boundaries	 ﾠ of	 ﾠ patches	 ﾠ and	 ﾠ the	 ﾠ surrounding	 ﾠ matrix	 ﾠ respect	 ﾠ the	 ﾠ boundaries	 ﾠ of	 ﾠ these	 ﾠ
regions	 ﾠ(Dongen	 ﾠet	 ﾠal.	 ﾠ2008).	 ﾠThe	 ﾠexact	 ﾠfunctional	 ﾠrole	 ﾠof	 ﾠthese	 ﾠregions	 ﾠis	 ﾠnot	 ﾠwell	 ﾠknown.	 ﾠ
	 ﾠ The	 ﾠsecond	 ﾠmost	 ﾠprominent	 ﾠcell	 ﾠtype	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠis	 ﾠthe	 ﾠCholinergic	 ﾠInterneuron	 ﾠ(CIN),	 ﾠalso	 ﾠ
known	 ﾠas	 ﾠthe	 ﾠtonically	 ﾠactive	 ﾠneuron	 ﾠin	 ﾠmost	 ﾠin	 ﾠvivo	 ﾠrecording	 ﾠcontexts	 ﾠdue	 ﾠto	 ﾠits	 ﾠregular	 ﾠfiring	 ﾠand	 ﾠeasy	 ﾠ
identification.	 ﾠCINs	 ﾠmake	 ﾠup	 ﾠ1-ﾭ‐2%	 ﾠof	 ﾠthe	 ﾠcells	 ﾠin	 ﾠthe	 ﾠstriatum.	 ﾠThey	 ﾠfire	 ﾠregularly	 ﾠand	 ﾠprovide	 ﾠthe	 ﾠsole	 ﾠ
source	 ﾠof	 ﾠAcetylcholine	 ﾠ(Ach)	 ﾠto	 ﾠthe	 ﾠstriatum	 ﾠ(Cazorla	 ﾠet	 ﾠal.	 ﾠ2014;	 ﾠKravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠKawaguchi	 ﾠet	 ﾠal.	 ﾠ
1990;	 ﾠMarsden	 ﾠ1982;	 ﾠBateup	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠTepper	 ﾠ&	 ﾠBolam	 ﾠ2004;	 ﾠKreitzer	 ﾠ&	 ﾠBerke	 ﾠ2011).	 ﾠDue	 ﾠto	 ﾠtheir	 ﾠ
tonic	 ﾠfiring,	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠproposed	 ﾠthat	 ﾠCINs	 ﾠtonically	 ﾠrelease	 ﾠAch	 ﾠin	 ﾠthe	 ﾠbrain.	 ﾠIn	 ﾠfact	 ﾠthe	 ﾠstriatum	 ﾠhas	 ﾠone	 ﾠ
of	 ﾠthe	 ﾠhighest	 ﾠconcentrations	 ﾠof	 ﾠAch	 ﾠmarkers	 ﾠanywhere	 ﾠin	 ﾠthe	 ﾠbrain	 ﾠ(Weiner	 ﾠet	 ﾠal.	 ﾠ1990).	 ﾠ	 ﾠFurthermore,	 ﾠ
CINs	 ﾠpause	 ﾠtheir	 ﾠfiring	 ﾠin	 ﾠresponse	 ﾠto	 ﾠcues	 ﾠthat	 ﾠindicate	 ﾠreward	 ﾠ(Kimura	 ﾠet	 ﾠal.	 ﾠ1984).	 ﾠ	 ﾠGiven	 ﾠthe	 ﾠgreat	 ﾠ
number	 ﾠof	 ﾠnicotinic	 ﾠand	 ﾠmuscarinic	 ﾠacetylcholine	 ﾠreceptors	 ﾠon	 ﾠSPNs	 ﾠand	 ﾠincoming	 ﾠglutamatergic	 ﾠfibers	 ﾠ
(Oldenburg	 ﾠ&	 ﾠDing	 ﾠ2011),	 ﾠ	 ﾠas	 ﾠwell	 ﾠas	 ﾠtheir	 ﾠdirect	 ﾠrelease	 ﾠof	 ﾠglutamate	 ﾠonto	 ﾠSPNs	 ﾠ(Higley	 ﾠet	 ﾠal.	 ﾠ2011),	 ﾠit	 ﾠis	 ﾠ
likely	 ﾠthat	 ﾠCIN	 ﾠactivity	 ﾠis	 ﾠregulating	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠSPNs	 ﾠin	 ﾠa	 ﾠcomplicated	 ﾠway.	 ﾠAch	 ﾠpresynaptically	 ﾠinhibit	 ﾠ
fibers	 ﾠonto	 ﾠSPNs	 ﾠwhile	 ﾠpostsynaptically	 ﾠexciting	 ﾠthem	 ﾠ(Oldenburg	 ﾠ&	 ﾠDing	 ﾠ2011),	 ﾠthus	 ﾠa	 ﾠpause	 ﾠin	 ﾠtheir	 ﾠ	 ﾠ
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firing	 ﾠcould	 ﾠdramatically	 ﾠchange	 ﾠstriatal	 ﾠcircuits.	 ﾠCholinergic	 ﾠneurons	 ﾠare	 ﾠalso	 ﾠlocated	 ﾠin	 ﾠother	 ﾠadjacent	 ﾠ
structures,	 ﾠincluding	 ﾠthe	 ﾠGlobus	 ﾠPallidus	 ﾠ(Haber	 ﾠet	 ﾠal.	 ﾠ1985),	 ﾠbut	 ﾠtheir	 ﾠrole	 ﾠthere	 ﾠis	 ﾠless	 ﾠwell	 ﾠunderstood,	 ﾠ
a	 ﾠtopic	 ﾠthat	 ﾠwill	 ﾠbe	 ﾠdiscussed	 ﾠin	 ﾠthe	 ﾠ3
rd	 ﾠchapter	 ﾠof	 ﾠthis	 ﾠthesis.	 ﾠ	 ﾠ
	 ﾠ 	 ﾠFinally	 ﾠthere	 ﾠexist	 ﾠseveral	 ﾠother	 ﾠclasses	 ﾠof	 ﾠinterneuron,	 ﾠincluding	 ﾠthe	 ﾠfast	 ﾠspiking	 ﾠparvalbumin	 ﾠ
(PV),	 ﾠ the	 ﾠ neuropeptide	 ﾠ Y	 ﾠ (NPY)	 ﾠ or	 ﾠ Somatostatin	 ﾠ expressing	 ﾠ cell,	 ﾠ and	 ﾠ the	 ﾠ Calretinin	 ﾠ expressing	 ﾠ cell	 ﾠ
(Tepper	 ﾠ&	 ﾠBolam	 ﾠ2004).	 ﾠEach	 ﾠof	 ﾠthese	 ﾠclasses	 ﾠof	 ﾠneurons	 ﾠmake	 ﾠup	 ﾠ<1%	 ﾠof	 ﾠthe	 ﾠcells	 ﾠin	 ﾠstriatum,	 ﾠand	 ﾠvery	 ﾠ
little	 ﾠis	 ﾠknown	 ﾠabout	 ﾠtheir	 ﾠfunction	 ﾠin	 ﾠvivo.	 ﾠEach	 ﾠof	 ﾠthem	 ﾠinteracts	 ﾠwith	 ﾠthe	 ﾠSPNs	 ﾠand	 ﾠother	 ﾠneurons	 ﾠof	 ﾠ
the	 ﾠstriatum	 ﾠto	 ﾠmediate	 ﾠmany	 ﾠadditional	 ﾠlayers	 ﾠof	 ﾠcomplexity	 ﾠin	 ﾠthe	 ﾠsystem.	 ﾠ
1.4	 ﾠClassic	 ﾠModel	 ﾠof	 ﾠBasal	 ﾠGanglia	 ﾠFunction	 ﾠ
The	 ﾠclassic	 ﾠmodel	 ﾠof	 ﾠthe	 ﾠBG	 ﾠand	 ﾠits	 ﾠrole	 ﾠin	 ﾠmovements	 ﾠwas	 ﾠfirst	 ﾠpresented	 ﾠin	 ﾠ1982	 ﾠ(Marsden	 ﾠ
1982),	 ﾠbut	 ﾠwas	 ﾠexpanded	 ﾠand	 ﾠclarified	 ﾠthroughout	 ﾠthe	 ﾠ80s	 ﾠand	 ﾠ90s	 ﾠ(Albin	 ﾠet	 ﾠal.	 ﾠ1989;	 ﾠAlexander	 ﾠ&	 ﾠ
Crutcher	 ﾠ1990;	 ﾠGraybiel	 ﾠ1990;	 ﾠChevalier	 ﾠ&	 ﾠDeniau	 ﾠ1990;	 ﾠParent	 ﾠ1990;	 ﾠDeLong	 ﾠ1990;	 ﾠParent	 ﾠ&	 ﾠHazrati	 ﾠ
1995).	 ﾠBased	 ﾠon	 ﾠthe	 ﾠanatomy	 ﾠdescribed	 ﾠabove,	 ﾠthe	 ﾠmodel	 ﾠpredicts	 ﾠthat	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠ
are	 ﾠin	 ﾠopposition	 ﾠto	 ﾠeach	 ﾠother,	 ﾠeach	 ﾠexerting	 ﾠa	 ﾠpush-ﾭ‐pull	 ﾠeffect	 ﾠon	 ﾠmovements	 ﾠand	 ﾠcortical	 ﾠactivity.	 ﾠ
Thus,	 ﾠimbalance	 ﾠof	 ﾠthese	 ﾠpathways	 ﾠleads	 ﾠto	 ﾠdisease	 ﾠstates	 ﾠsuch	 ﾠas	 ﾠin	 ﾠParkinson’s	 ﾠand	 ﾠHuntington’s	 ﾠ
Disease.	 ﾠFrom	 ﾠthis	 ﾠmodel	 ﾠone	 ﾠwould	 ﾠpredict	 ﾠthat	 ﾠit	 ﾠis	 ﾠthe	 ﾠcompetition	 ﾠbetween	 ﾠthese	 ﾠtwo	 ﾠpathways,	 ﾠand	 ﾠ
between	 ﾠthe	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠthemselves,	 ﾠthat	 ﾠregulate	 ﾠthe	 ﾠdecision	 ﾠto	 ﾠmove.	 ﾠFrom	 ﾠthere,	 ﾠit	 ﾠis	 ﾠeasy	 ﾠto	 ﾠ
imagine	 ﾠthat	 ﾠdifferent	 ﾠmicrocircuits	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠcould	 ﾠrepresent	 ﾠdifferent	 ﾠplans	 ﾠor	 ﾠgoals,	 ﾠand	 ﾠ
that	 ﾠthe	 ﾠBG	 ﾠboth	 ﾠsorts	 ﾠthrough	 ﾠthese	 ﾠgoals	 ﾠto	 ﾠdetermine	 ﾠan	 ﾠaction.	 ﾠHowever,	 ﾠmuch	 ﾠof	 ﾠthis	 ﾠ theory	 ﾠ
remains	 ﾠuntested;	 ﾠit	 ﾠis	 ﾠthe	 ﾠpurpose	 ﾠof	 ﾠthis	 ﾠthesis	 ﾠto	 ﾠdirectly	 ﾠaddress	 ﾠthe	 ﾠaccuracy	 ﾠand	 ﾠcompleteness	 ﾠof	 ﾠ
this	 ﾠclassic	 ﾠmodel	 ﾠof	 ﾠBasal	 ﾠGanglia.	 ﾠ	 ﾠ
The	 ﾠclassic	 ﾠcortex-ﾭ‐basal	 ﾠganglia-ﾭ‐thalamus-ﾭ‐cortex	 ﾠmodel	 ﾠwas	 ﾠcreated	 ﾠbased	 ﾠon	 ﾠseveral	 ﾠclasses	 ﾠof	 ﾠ
studies	 ﾠand	 ﾠadapted	 ﾠto	 ﾠfit	 ﾠthe	 ﾠobservations	 ﾠin	 ﾠdisease	 ﾠstates.	 ﾠFirst,	 ﾠnumerous	 ﾠanatomical	 ﾠstudies,	 ﾠmostly	 ﾠ	 ﾠ
	 ﾠ
8	 ﾠ
involving	 ﾠsingle	 ﾠneuron	 ﾠfilling	 ﾠand	 ﾠtracing	 ﾠor	 ﾠtransynaptic	 ﾠviral	 ﾠtracing,	 ﾠhave	 ﾠbeen	 ﾠused	 ﾠto	 ﾠmap	 ﾠout	 ﾠthe	 ﾠ
major	 ﾠconnections	 ﾠbetween	 ﾠthe	 ﾠbasal	 ﾠganglia,	 ﾠthalamus,	 ﾠand	 ﾠcortex	 ﾠ(Gerfen	 ﾠet	 ﾠal.	 ﾠ1982;	 ﾠSmith	 ﾠ&	 ﾠBolam	 ﾠ
1989;	 ﾠKawaguchi	 ﾠet	 ﾠal.	 ﾠ1990;	 ﾠKelly	 ﾠ&	 ﾠStrick	 ﾠ2004).	 ﾠWith	 ﾠknowledge	 ﾠof	 ﾠthe	 ﾠneurotransmitters	 ﾠreleased	 ﾠfor	 ﾠ
each	 ﾠof	 ﾠthese	 ﾠprojections,	 ﾠthe	 ﾠmodern	 ﾠlooped	 ﾠarchitecture	 ﾠwas	 ﾠformed.	 ﾠSecond,	 ﾠthe	 ﾠopposing	 ﾠnature	 ﾠof	 ﾠ
the	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathway	 ﾠwas	 ﾠfirst	 ﾠpredicted	 ﾠby	 ﾠobservations	 ﾠof	 ﾠhuman	 ﾠpatients	 ﾠwith	 ﾠlesions	 ﾠto	 ﾠ
parts	 ﾠof	 ﾠtheir	 ﾠbasal	 ﾠganglia	 ﾠor	 ﾠdiseases	 ﾠsuch	 ﾠas	 ﾠParkinson’s	 ﾠor	 ﾠHuntington’s	 ﾠdisease	 ﾠ(Marsden	 ﾠ1982).	 ﾠThis	 ﾠ
antagonism	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠpathways	 ﾠhas	 ﾠsince	 ﾠbeen	 ﾠsupported	 ﾠvia	 ﾠgenetic	 ﾠand	 ﾠoptogenetic	 ﾠstudies,	 ﾠ
which	 ﾠ show	 ﾠ direct	 ﾠ pathway	 ﾠ activation	 ﾠ having	 ﾠ a	 ﾠ pro	 ﾠ movement	 ﾠ effect,	 ﾠ whereas	 ﾠ indirect	 ﾠ pathway	 ﾠ
activation	 ﾠgenerally	 ﾠdecreases	 ﾠmovements	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠBateup	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠKreitzer	 ﾠ&	 ﾠBerke	 ﾠ
2011).	 ﾠ Lastly,	 ﾠelectrophysiological	 ﾠrecordings	 ﾠfrom	 ﾠBG	 ﾠnuclei	 ﾠduring	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠeither	 ﾠ
pathway	 ﾠhas	 ﾠconfirmed	 ﾠthat	 ﾠiSPNs	 ﾠand	 ﾠdSPNs	 ﾠact	 ﾠin	 ﾠopposition	 ﾠto	 ﾠeach	 ﾠother	 ﾠin	 ﾠthe	 ﾠSNr	 ﾠdespite	 ﾠthere	 ﾠa	 ﾠ
large	 ﾠheterogeneous	 ﾠresponse	 ﾠ(Freeze	 ﾠet	 ﾠal.	 ﾠ2013).	 ﾠ
These	 ﾠ approaches,	 ﾠ however,	 ﾠ have	 ﾠ lead	 ﾠ to	 ﾠ certain	 ﾠ biases	 ﾠ in	 ﾠ the	 ﾠ models	 ﾠ of	 ﾠ basal	 ﾠ ganglia	 ﾠ
architecture	 ﾠand	 ﾠfunction.	 ﾠNamely,	 ﾠthat	 ﾠall	 ﾠthe	 ﾠmodels	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠbulk	 ﾠproperties	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠand	 ﾠ
cell	 ﾠ type,	 ﾠ while	 ﾠ remaining	 ﾠ indecisive	 ﾠ to	 ﾠ the	 ﾠ effects	 ﾠ of	 ﾠ small	 ﾠ unexpected	 ﾠ connections.	 ﾠ Single	 ﾠ neuron	 ﾠ
reconstructions	 ﾠcan	 ﾠoften	 ﾠsuffer	 ﾠfrom	 ﾠlow	 ﾠnumbers	 ﾠof	 ﾠcells,	 ﾠwhile	 ﾠbulk	 ﾠtracer	 ﾠinjections	 ﾠlack	 ﾠthe	 ﾠcell	 ﾠtype	 ﾠ
specificity	 ﾠnecessary	 ﾠto	 ﾠparse	 ﾠthese	 ﾠcircuits.	 ﾠFor	 ﾠexample,	 ﾠwhile	 ﾠthe	 ﾠexistence	 ﾠof	 ﾠcrossed	 ﾠprojections	 ﾠ
from	 ﾠthe	 ﾠdSPN	 ﾠto	 ﾠthe	 ﾠGPe	 ﾠhave	 ﾠbeen	 ﾠknown	 ﾠsince	 ﾠthe	 ﾠtime	 ﾠof	 ﾠthe	 ﾠfirst	 ﾠbasal	 ﾠganglia	 ﾠmodels,	 ﾠyet	 ﾠthe	 ﾠrole	 ﾠ
of	 ﾠ these	 ﾠ neurons	 ﾠis	 ﾠ not	 ﾠ understood	 ﾠ nor	 ﾠ typically	 ﾠ included	 ﾠ in	 ﾠ standard	 ﾠ models	 ﾠ (Cazorla	 ﾠ et	 ﾠ al.	 ﾠ 2014;	 ﾠ
Kawaguchi	 ﾠet	 ﾠal.	 ﾠ1990).	 ﾠThe	 ﾠrecent	 ﾠstudy	 ﾠby	 ﾠFreeze	 ﾠand	 ﾠcolleagues	 ﾠfurthers	 ﾠthis	 ﾠconcern,	 ﾠdemonstrating	 ﾠ
that	 ﾠwhile	 ﾠactivation	 ﾠof	 ﾠeither	 ﾠdSPNs	 ﾠor	 ﾠiSPNs	 ﾠin	 ﾠbulk	 ﾠhas	 ﾠthe	 ﾠgeneral	 ﾠeffect	 ﾠof	 ﾠinhibiting	 ﾠor	 ﾠdisinhibiting	 ﾠ
the	 ﾠSNr	 ﾠas	 ﾠpredicted,	 ﾠthere	 ﾠare	 ﾠmany	 ﾠcells	 ﾠthat	 ﾠbehave	 ﾠin	 ﾠthe	 ﾠopposite	 ﾠfrom	 ﾠpredicted	 ﾠdirection	 ﾠ(Freeze	 ﾠ
et	 ﾠ al.	 ﾠ 2013).	 ﾠ 	 ﾠ This	 ﾠ heterogeneity	 ﾠ certainly	 ﾠ changes	 ﾠ the	 ﾠ computation	 ﾠ being	 ﾠ carried	 ﾠ out	 ﾠ by	 ﾠ the	 ﾠ basal	 ﾠ
ganglia,	 ﾠand	 ﾠshould	 ﾠnot	 ﾠbe	 ﾠoverlooked	 ﾠwhen	 ﾠdesigning	 ﾠmodels	 ﾠof	 ﾠits	 ﾠactions.	 ﾠ	 ﾠ	 ﾠ
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Finally,	 ﾠmany	 ﾠof	 ﾠthe	 ﾠfundamental	 ﾠpredictions	 ﾠof	 ﾠthe	 ﾠexisting	 ﾠclassical	 ﾠmodel	 ﾠremain	 ﾠuntested.	 ﾠ
Namely,	 ﾠwhether	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathway	 ﾠneurons	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠaffect	 ﾠongoing	 ﾠfiring	 ﾠin	 ﾠcortex,	 ﾠand	 ﾠ
whether	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠtwo	 ﾠpathways	 ﾠremain	 ﾠin	 ﾠan	 ﾠopposition	 ﾠin	 ﾠcortex.	 ﾠ	 ﾠIn	 ﾠorder	 ﾠfor	 ﾠthese	 ﾠpredictions	 ﾠto	 ﾠ
be	 ﾠtrue	 ﾠcortex	 ﾠwould	 ﾠneed	 ﾠto	 ﾠbe	 ﾠdynamically	 ﾠand	 ﾠstrongly	 ﾠresponsive	 ﾠto	 ﾠthalamic	 ﾠinput	 ﾠfrom	 ﾠregions	 ﾠthat	 ﾠ
also	 ﾠreceives	 ﾠstrong	 ﾠBG	 ﾠinput.	 ﾠThis	 ﾠBG	 ﾠinput	 ﾠwould	 ﾠhave	 ﾠto	 ﾠbe	 ﾠtonically	 ﾠfiring,	 ﾠsuch	 ﾠthat	 ﾠit	 ﾠcan	 ﾠbe	 ﾠ
bidirectionally	 ﾠmodulated	 ﾠby	 ﾠboth	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠthe	 ﾠindirect	 ﾠpathway.	 ﾠHowever,	 ﾠeven	 ﾠif	 ﾠthese	 ﾠ
assumptions	 ﾠare	 ﾠcorrect,	 ﾠthis	 ﾠclassical	 ﾠmodel	 ﾠis	 ﾠstatic,	 ﾠoffering	 ﾠno	 ﾠpredictions	 ﾠon	 ﾠthe	 ﾠtime	 ﾠit	 ﾠtakes	 ﾠfor	 ﾠa	 ﾠ
basal	 ﾠganglia	 ﾠmodulation	 ﾠto	 ﾠreach	 ﾠthe	 ﾠcortex	 ﾠor	 ﾠwhat	 ﾠeffect	 ﾠBG	 ﾠactivity	 ﾠhas	 ﾠduring	 ﾠor	 ﾠleading	 ﾠup	 ﾠto	 ﾠa	 ﾠ
movement.	 ﾠ	 ﾠFor	 ﾠthese	 ﾠreasons	 ﾠwe	 ﾠexamined	 ﾠhow	 ﾠBG	 ﾠmodulates	 ﾠcortical	 ﾠfiring	 ﾠrate	 ﾠin	 ﾠan	 ﾠawake	 ﾠbehaving	 ﾠ
animal.	 ﾠ	 ﾠ
1.5	 ﾠGeneral	 ﾠApproach	 ﾠ
	 ﾠ It	 ﾠis	 ﾠour	 ﾠgeneral	 ﾠgoal	 ﾠto	 ﾠget	 ﾠa	 ﾠfiner	 ﾠunderstanding	 ﾠof	 ﾠwhat	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠthe	 ﾠindirect	 ﾠ
pathway	 ﾠare	 ﾠon	 ﾠthe	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠcortex.	 ﾠAs	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠis	 ﾠactively	 ﾠengaged	 ﾠin	 ﾠmovements	 ﾠit	 ﾠseems	 ﾠ
only	 ﾠlogical	 ﾠto	 ﾠdesign	 ﾠour	 ﾠstudy	 ﾠto	 ﾠcompare	 ﾠboth	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠduring	 ﾠperiods	 ﾠthat	 ﾠan	 ﾠ
animal	 ﾠis	 ﾠmoving	 ﾠand	 ﾠduring	 ﾠperiods	 ﾠwhere	 ﾠthe	 ﾠanimal	 ﾠis	 ﾠstill.	 ﾠ	 ﾠAs	 ﾠsuch	 ﾠwe	 ﾠhave	 ﾠdone	 ﾠall	 ﾠof	 ﾠthe	 ﾠfollowing	 ﾠ
studies	 ﾠin	 ﾠthe	 ﾠcontext	 ﾠof	 ﾠan	 ﾠanimal	 ﾠthat	 ﾠis	 ﾠtrained	 ﾠto	 ﾠdo	 ﾠa	 ﾠhead	 ﾠfixed	 ﾠoperant	 ﾠconditioned	 ﾠtask.	 ﾠ
	 ﾠ Cued	 ﾠmotor	 ﾠtasks	 ﾠare	 ﾠtypical	 ﾠfor	 ﾠbasal	 ﾠganglia	 ﾠresearch,	 ﾠand	 ﾠengage	 ﾠBG	 ﾠcircuitry	 ﾠ(Haber	 ﾠ2003).	 ﾠIn	 ﾠ
all	 ﾠthe	 ﾠfollowing	 ﾠstudies,	 ﾠhead	 ﾠfixed	 ﾠanimals	 ﾠwill	 ﾠbe	 ﾠtasked	 ﾠto	 ﾠwithhold	 ﾠpressing	 ﾠa	 ﾠlever	 ﾠuntil	 ﾠthey	 ﾠhear	 ﾠan	 ﾠ
auditory	 ﾠcue;	 ﾠthen	 ﾠpressing	 ﾠwithin	 ﾠa	 ﾠcertain	 ﾠtime	 ﾠwindow	 ﾠwill	 ﾠbe	 ﾠrewarded	 ﾠwith	 ﾠwater.	 ﾠIt	 ﾠis	 ﾠnot	 ﾠthe	 ﾠgoal	 ﾠ
of	 ﾠthis	 ﾠstudy	 ﾠto	 ﾠmake	 ﾠany	 ﾠconclusions	 ﾠon	 ﾠthe	 ﾠchanges	 ﾠto	 ﾠthe	 ﾠbehavior	 ﾠof	 ﾠthe	 ﾠanimal.	 ﾠIndeed	 ﾠchanges	 ﾠin	 ﾠ
reaction	 ﾠtime	 ﾠor	 ﾠsuccess	 ﾠrate	 ﾠcould	 ﾠbe	 ﾠattributed	 ﾠto	 ﾠa	 ﾠvariety	 ﾠof	 ﾠcauses.	 ﾠInstead,	 ﾠby	 ﾠcomparing	 ﾠperiods	 ﾠ
where	 ﾠthe	 ﾠanimal	 ﾠis	 ﾠattempting	 ﾠthis	 ﾠtask	 ﾠvs.	 ﾠperiods	 ﾠwhere	 ﾠit	 ﾠis	 ﾠnot	 ﾠmoving,	 ﾠwe	 ﾠcan	 ﾠcompare	 ﾠperiods	 ﾠ
where	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠis	 ﾠengaged	 ﾠand	 ﾠwhen	 ﾠit	 ﾠis	 ﾠnot.	 ﾠIf	 ﾠartificial	 ﾠBG	 ﾠactivation	 ﾠhas	 ﾠa	 ﾠdifferential	 ﾠeffect	 ﾠ	 ﾠ
	 ﾠ
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during	 ﾠthese	 ﾠtimes,	 ﾠwe	 ﾠmay	 ﾠbe	 ﾠable	 ﾠto	 ﾠascribe	 ﾠsome	 ﾠof	 ﾠthose	 ﾠdifferences	 ﾠto	 ﾠthe	 ﾠongoing	 ﾠactivity	 ﾠof	 ﾠBG.	 ﾠ
Furthermore;	 ﾠ it	 ﾠ was	 ﾠ never	 ﾠ the	 ﾠ goal	 ﾠ of	 ﾠ this	 ﾠ study	 ﾠ to	 ﾠ simply	 ﾠ be	 ﾠ an	 ﾠ observational	 ﾠ one.	 ﾠ That	 ﾠ is,	 ﾠ from	 ﾠ
conception	 ﾠwe	 ﾠwanted	 ﾠto	 ﾠmanipulate	 ﾠthe	 ﾠsystem	 ﾠto	 ﾠsee	 ﾠwhat	 ﾠthe	 ﾠresults	 ﾠof	 ﾠthose	 ﾠmanipulations	 ﾠwould	 ﾠ
be,	 ﾠand	 ﾠnot	 ﾠmerely	 ﾠthe	 ﾠcorrelation	 ﾠbetween	 ﾠtwo	 ﾠstructures.	 ﾠ	 ﾠ
	 ﾠ For	 ﾠthese	 ﾠreasons,	 ﾠwe	 ﾠhave	 ﾠused	 ﾠvirally	 ﾠinjected	 ﾠCre	 ﾠdependent	 ﾠChannel	 ﾠRhodopsin	 ﾠ2	 ﾠ(ChR2)	 ﾠin	 ﾠa	 ﾠ
mouse	 ﾠline	 ﾠexpressing	 ﾠCre	 ﾠin	 ﾠeither	 ﾠonly	 ﾠthe	 ﾠiSPN	 ﾠpopulation,	 ﾠor	 ﾠthe	 ﾠdSPN	 ﾠpopulation,	 ﾠas	 ﾠhas	 ﾠbeen	 ﾠ
reported	 ﾠpreviously	 ﾠ(Freeze	 ﾠet	 ﾠal.	 ﾠ2013;	 ﾠKravitz	 ﾠet	 ﾠal.	 ﾠ2010).	 ﾠThese	 ﾠpathways	 ﾠwill	 ﾠbe	 ﾠstimulated	 ﾠlocally	 ﾠ
while	 ﾠwe	 ﾠrecord	 ﾠactivity	 ﾠfrom	 ﾠone	 ﾠof	 ﾠseveral	 ﾠbrain	 ﾠregions	 ﾠusing	 ﾠextracellular	 ﾠmultielectrodes.	 ﾠThe	 ﾠclassic	 ﾠ
model	 ﾠpredicts	 ﾠthat	 ﾠthere	 ﾠwill	 ﾠbe	 ﾠsome	 ﾠinhibition	 ﾠand	 ﾠdisinhibition	 ﾠof	 ﾠcortex,	 ﾠbut	 ﾠis	 ﾠunable	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠ
context	 ﾠin	 ﾠwhich	 ﾠthis	 ﾠwill	 ﾠhappen	 ﾠor	 ﾠthe	 ﾠstyle	 ﾠin	 ﾠwhich	 ﾠchanges	 ﾠwill	 ﾠoccur.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
	 ﾠ
11	 ﾠ
Chapter	 ﾠ2	 ﾠ
	 ﾠ
Antagonistic	 ﾠ but	 ﾠ not	 ﾠ opposite	 ﾠ regulation	 ﾠ of	 ﾠ primary	 ﾠ motor	 ﾠ cortex	 ﾠ by	 ﾠ basal	 ﾠ
ganglia	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠ	 ﾠ
	 ﾠ
Ian	 ﾠAntón	 ﾠOldenburg	 ﾠand	 ﾠBernardo	 ﾠL.	 ﾠSabatini	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
This	 ﾠchapter	 ﾠis	 ﾠbased	 ﾠon	 ﾠwork	 ﾠthat	 ﾠhas	 ﾠbeen	 ﾠsubmitted	 ﾠfor	 ﾠpublication.	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
	 ﾠ
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2.1	 ﾠAbstract	 ﾠ	 ﾠ
Motor	 ﾠcortex,	 ﾠbasal	 ﾠganglia	 ﾠ(BG),	 ﾠand	 ﾠthalamus	 ﾠare	 ﾠanatomically	 ﾠarranged	 ﾠin	 ﾠa	 ﾠrecurrent	 ﾠloop	 ﾠwhose	 ﾠ
activity	 ﾠis	 ﾠhypothesized	 ﾠto	 ﾠbe	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠselection	 ﾠof	 ﾠmotor	 ﾠactions.	 ﾠ	 ﾠDirect	 ﾠ(dSPN)	 ﾠand	 ﾠindirect	 ﾠ
(iSPN)	 ﾠstriatal	 ﾠprojection	 ﾠneurons	 ﾠreceive	 ﾠexcitatory	 ﾠinput	 ﾠfrom	 ﾠcortex,	 ﾠand	 ﾠare	 ﾠthought	 ﾠto	 ﾠoppositely	 ﾠ
modulate	 ﾠcortical	 ﾠactivity	 ﾠvia	 ﾠBG	 ﾠoutput	 ﾠto	 ﾠthalamus.	 ﾠ	 ﾠHere,	 ﾠwe	 ﾠtest	 ﾠthe	 ﾠcentral	 ﾠtenets	 ﾠof	 ﾠthis	 ﾠmodel	 ﾠin	 ﾠ
head-ﾭ‐restrained	 ﾠmice	 ﾠperforming	 ﾠan	 ﾠoperant	 ﾠconditioning	 ﾠtask	 ﾠusing	 ﾠoptogenetic	 ﾠmanipulation	 ﾠof	 ﾠdSPNs	 ﾠ
and	 ﾠiSPNs	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠactivity	 ﾠin	 ﾠeach	 ﾠpathway	 ﾠon	 ﾠprimary	 ﾠmotor	 ﾠcortex.	 ﾠWe	 ﾠfind	 ﾠthat	 ﾠ
dSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠhas	 ﾠbidirectional,	 ﾠrobust,	 ﾠand	 ﾠrapid	 ﾠeffects	 ﾠon	 ﾠmotor	 ﾠcortex	 ﾠthat	 ﾠare	 ﾠhighly	 ﾠ
context-ﾭ‐dependent,	 ﾠwith	 ﾠdistinct	 ﾠeffects	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠduring	 ﾠquiescent	 ﾠand	 ﾠactive	 ﾠperiods.	 ﾠ	 ﾠThus,	 ﾠthe	 ﾠ
effects	 ﾠof	 ﾠactivity	 ﾠin	 ﾠeach	 ﾠpathway	 ﾠare	 ﾠat	 ﾠtimes	 ﾠantagonist	 ﾠand	 ﾠconsistent	 ﾠwith	 ﾠclassic	 ﾠmodels,	 ﾠwhereas	 ﾠin	 ﾠ
other	 ﾠbehavioral	 ﾠcontexts	 ﾠthey	 ﾠare	 ﾠsuppressed	 ﾠor	 ﾠtransiently	 ﾠreversed.	 ﾠ
	 ﾠ
2.2	 ﾠIntroduction	 ﾠ
The	 ﾠbasal	 ﾠganglia	 ﾠ(BG)	 ﾠare	 ﾠan	 ﾠinterconnected	 ﾠgroup	 ﾠof	 ﾠnuclei	 ﾠcritical	 ﾠto	 ﾠthe	 ﾠcontrol	 ﾠof	 ﾠvoluntary	 ﾠ
movements	 ﾠ(Graybiel	 ﾠet	 ﾠal.	 ﾠ1994)	 ﾠand	 ﾠwhose	 ﾠdysfunction	 ﾠcontributes	 ﾠto	 ﾠmultiple	 ﾠneurological	 ﾠdisorders	 ﾠ
(DeLong	 ﾠ1990;	 ﾠAlbin	 ﾠet	 ﾠal.	 ﾠ1989).	 ﾠMany	 ﾠdisorders	 ﾠof	 ﾠthe	 ﾠBG,	 ﾠsuch	 ﾠas	 ﾠin	 ﾠParkinson’s	 ﾠand	 ﾠHuntington’s	 ﾠ
diseases,	 ﾠare	 ﾠhallmarked	 ﾠby	 ﾠsevere	 ﾠmotor	 ﾠimpairments.	 ﾠ	 ﾠClassical	 ﾠmodels	 ﾠof	 ﾠthe	 ﾠBG	 ﾠpresent	 ﾠa	 ﾠclosed	 ﾠloop	 ﾠ
architecture	 ﾠin	 ﾠwhich	 ﾠmotor	 ﾠcortex	 ﾠsends	 ﾠglutamatergic	 ﾠinputs	 ﾠto	 ﾠthe	 ﾠBG	 ﾠand	 ﾠis	 ﾠin	 ﾠturn	 ﾠinfluenced	 ﾠby	 ﾠthe	 ﾠ
BG	 ﾠvia	 ﾠtheir	 ﾠinhibitory	 ﾠoutput	 ﾠto	 ﾠthe	 ﾠthalamus.	 ﾠ	 ﾠIn	 ﾠparticular,	 ﾠconvergent	 ﾠexcitatory	 ﾠinput	 ﾠto	 ﾠthe	 ﾠBG	 ﾠfrom	 ﾠ
motor	 ﾠ cortex	 ﾠ and	 ﾠ other	 ﾠ regions	 ﾠ arrive	 ﾠ in	 ﾠ the	 ﾠ dorsal	 ﾠ striatum	 ﾠ and	 ﾠ synapse	 ﾠ onto	 ﾠ striatal	 ﾠ projection	 ﾠ
neurons	 ﾠ(SPNs).	 ﾠSPNs	 ﾠcomprise	 ﾠthe	 ﾠoutputs	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠand	 ﾠare	 ﾠsubdivided	 ﾠinto	 ﾠthe	 ﾠstriatonigral	 ﾠand	 ﾠ
striatopallidal	 ﾠpathways.	 ﾠThe	 ﾠstriatopallidal	 ﾠprojection	 ﾠis	 ﾠformed	 ﾠby	 ﾠGABAergic	 ﾠindirect	 ﾠpathway	 ﾠSPNs	 ﾠ	 ﾠ
	 ﾠ
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(iSPNs),	 ﾠ which	 ﾠ inhibit	 ﾠ neurons	 ﾠ of	 ﾠ the	 ﾠ external	 ﾠ segment	 ﾠ of	 ﾠ the	 ﾠ globus	 ﾠ pallidus	 ﾠ (GPe)	 ﾠ whereas	 ﾠ the	 ﾠ
striatonigral	 ﾠpathway	 ﾠarises	 ﾠfrom	 ﾠdirect	 ﾠpathway	 ﾠSPNs	 ﾠ(dSPNs),	 ﾠwhich	 ﾠinhibit	 ﾠthe	 ﾠsubstantia	 ﾠnigra	 ﾠpars	 ﾠ
reticulata	 ﾠ(SNr)(Gerfen	 ﾠet	 ﾠal.	 ﾠ1990).	 ﾠ	 ﾠAlthough	 ﾠthe	 ﾠtwo	 ﾠpathways	 ﾠare	 ﾠtypically	 ﾠdescribed	 ﾠas	 ﾠtargeting	 ﾠ
different	 ﾠdownstream	 ﾠnuclei,	 ﾠthere	 ﾠare	 ﾠaxon	 ﾠcollaterals	 ﾠfrom	 ﾠstriatonigral	 ﾠcells	 ﾠin	 ﾠGPe	 ﾠ(Cazorla	 ﾠet	 ﾠal.	 ﾠ
2014;	 ﾠKawaguchi	 ﾠet	 ﾠal.	 ﾠ1990).	 ﾠ	 ﾠFurthermore,	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathway	 ﾠneurons	 ﾠfunctionally	 ﾠinteract	 ﾠin	 ﾠ
the	 ﾠstriatum,	 ﾠvia	 ﾠreciprocal	 ﾠGABAergic	 ﾠsynapses,	 ﾠand	 ﾠin	 ﾠthe	 ﾠSNr	 ﾠwhere	 ﾠindividual	 ﾠneurons	 ﾠreceive	 ﾠboth	 ﾠ
dSPN	 ﾠ and	 ﾠ GPe	 ﾠ inputs	 ﾠ (Smith	 ﾠ &	 ﾠ Bolam	 ﾠ 1991).	 ﾠ The	 ﾠ SNr	 ﾠ in	 ﾠ turn	 ﾠ sends	 ﾠ GABAergic	 ﾠ innervation	 ﾠ to	 ﾠ the	 ﾠ
ventrolateral	 ﾠthalamus	 ﾠ(VL),	 ﾠwhich	 ﾠcloses	 ﾠthe	 ﾠloop	 ﾠvia	 ﾠglutamatergic	 ﾠprojections	 ﾠback	 ﾠto	 ﾠmotor	 ﾠcortex.	 ﾠ
This	 ﾠmodel,	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠBG	 ﾠexert	 ﾠpush-ﾭ‐pull	 ﾠeffects	 ﾠon	 ﾠcortex	 ﾠvia	 ﾠinhibition	 ﾠand	 ﾠdisinhibition	 ﾠof	 ﾠ
thalamus	 ﾠ(Deniau	 ﾠ&	 ﾠChevalier	 ﾠ1985;	 ﾠAlexander	 ﾠ&	 ﾠCrutcher	 ﾠ1990),	 ﾠhas	 ﾠemerged	 ﾠfrom	 ﾠseveral	 ﾠclasses	 ﾠof	 ﾠ
studies.	 ﾠ	 ﾠFirst,	 ﾠanatomical	 ﾠtracing	 ﾠof	 ﾠaxons	 ﾠof	 ﾠindividual	 ﾠneurons	 ﾠand	 ﾠtransynaptic	 ﾠlabeling	 ﾠconfirmed	 ﾠthe	 ﾠ
architecture	 ﾠoutlined	 ﾠabove,	 ﾠand	 ﾠrevealed	 ﾠadditional	 ﾠinterconnections	 ﾠwith	 ﾠthe	 ﾠsubthalamic	 ﾠnucleus,	 ﾠ
superior	 ﾠcolliculus,	 ﾠand	 ﾠother	 ﾠthalamic	 ﾠnuclei	 ﾠ(Gerfen	 ﾠet	 ﾠal.	 ﾠ1982;	 ﾠSmith	 ﾠ&	 ﾠBolam	 ﾠ1989;	 ﾠKawaguchi	 ﾠet	 ﾠal.	 ﾠ
1990;	 ﾠKelly	 ﾠ&	 ﾠStrick	 ﾠ2004).	 ﾠ	 ﾠThe	 ﾠresults	 ﾠof	 ﾠthese	 ﾠanatomical	 ﾠstudies,	 ﾠin	 ﾠconjunction	 ﾠwith	 ﾠknowledge	 ﾠof	 ﾠthe	 ﾠ
major	 ﾠneurotransmitters	 ﾠexpressed	 ﾠat	 ﾠeach	 ﾠprojection,	 ﾠwere	 ﾠused	 ﾠto	 ﾠbuild	 ﾠa	 ﾠmodel	 ﾠof	 ﾠBG	 ﾠcircuitry	 ﾠand	 ﾠ
function.	 ﾠ 	 ﾠ Second	 ﾠ and	 ﾠ more	 ﾠ recently,	 ﾠ the	 ﾠ behaviorally	 ﾠ antagonistic	 ﾠ nature	 ﾠ of	 ﾠ the	 ﾠ striatonigral	 ﾠ and	 ﾠ
striatopallidal	 ﾠpathways	 ﾠhas	 ﾠbeen	 ﾠsupported	 ﾠvia	 ﾠgenetic	 ﾠand	 ﾠoptogenetic	 ﾠstudies,	 ﾠconfirming	 ﾠthat	 ﾠactivity	 ﾠ
in	 ﾠthe	 ﾠformer	 ﾠis,	 ﾠat	 ﾠleast	 ﾠin	 ﾠterms	 ﾠof	 ﾠopen	 ﾠfield	 ﾠlocomotor	 ﾠactivity,	 ﾠgenerally	 ﾠpro-ﾭ‐kinetic	 ﾠand	 ﾠin	 ﾠthe	 ﾠlatter	 ﾠ
anti-ﾭ‐kinetic	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠBateup	 ﾠet	 ﾠal.	 ﾠ2010).	 ﾠ	 ﾠLastly,	 ﾠcell-ﾭ‐type	 ﾠspecific	 ﾠoptogenetics	 ﾠwere	 ﾠused	 ﾠto	 ﾠ
separately	 ﾠ activate	 ﾠ the	 ﾠ physically	 ﾠ intermingled	 ﾠ dSPN	 ﾠ and	 ﾠ iSPNs	 ﾠ and	 ﾠ electrophysiologically	 ﾠ confirm	 ﾠ
antagonistic	 ﾠeffects	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠon	 ﾠdownstream	 ﾠBG	 ﾠnuclei	 ﾠsuch	 ﾠas	 ﾠSNr	 ﾠ(Freeze	 ﾠet	 ﾠal.	 ﾠ2013).	 ﾠ	 ﾠ	 ﾠ
Nevertheless,	 ﾠthe	 ﾠfinal	 ﾠpredictions	 ﾠof	 ﾠthe	 ﾠmodel	 ﾠ–	 ﾠthat	 ﾠBG	 ﾠcontrol	 ﾠmotor	 ﾠcortex	 ﾠactivity	 ﾠin	 ﾠa	 ﾠ
closed	 ﾠloop	 ﾠfashion	 ﾠand	 ﾠthat	 ﾠstriatonigral	 ﾠand	 ﾠstriatopallidal	 ﾠprojecting	 ﾠneurons	 ﾠexert	 ﾠopposing	 ﾠeffects	 ﾠ	 ﾠ
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on	 ﾠ cortex	 ﾠ –	 ﾠ remain	 ﾠ untested.	 ﾠ 	 ﾠ Furthermore,	 ﾠ several	 ﾠ assumptions	 ﾠ on	 ﾠ which	 ﾠ this	 ﾠ model	 ﾠ is	 ﾠ built	 ﾠ are	 ﾠ
untested.	 ﾠ	 ﾠFirstly,	 ﾠit	 ﾠis	 ﾠassumed	 ﾠthat	 ﾠactivity	 ﾠin	 ﾠmotor	 ﾠcortex	 ﾠis	 ﾠdynamically	 ﾠand	 ﾠstrongly	 ﾠinfluenced	 ﾠby	 ﾠ
ascending	 ﾠinputs	 ﾠfrom	 ﾠthalamic	 ﾠregions	 ﾠthat	 ﾠare	 ﾠunder	 ﾠthe	 ﾠinhibitory	 ﾠcontrol	 ﾠof	 ﾠBG.	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠit	 ﾠ
assumes	 ﾠthat	 ﾠthe	 ﾠinhibitory	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠBG	 ﾠis	 ﾠtonic	 ﾠand	 ﾠpowerful	 ﾠsuch	 ﾠthat	 ﾠits	 ﾠbidirectional	 ﾠmodulation	 ﾠ
is	 ﾠsufficient	 ﾠto	 ﾠalter	 ﾠaction	 ﾠpotential	 ﾠfiring	 ﾠin	 ﾠdownstream	 ﾠcircuits.	 ﾠ	 ﾠConversely,	 ﾠit	 ﾠassumes	 ﾠthat	 ﾠcollateral	 ﾠ
inhibition	 ﾠwithin	 ﾠand	 ﾠacross	 ﾠSPNs	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠis	 ﾠinsufficient	 ﾠto	 ﾠsuppress	 ﾠthe	 ﾠpredicted	 ﾠeffects	 ﾠof	 ﾠ
activation	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠin	 ﾠisolation.	 ﾠ	 ﾠLastly,	 ﾠthe	 ﾠclassic	 ﾠmodel	 ﾠis	 ﾠstatic,	 ﾠdifferences	 ﾠin	 ﾠhow	 ﾠthe	 ﾠBG	 ﾠ
influence	 ﾠthe	 ﾠcortex	 ﾠduring	 ﾠdifferent	 ﾠbehavioral	 ﾠstates	 ﾠis	 ﾠunknown.	 ﾠ
To	 ﾠaddress	 ﾠthese	 ﾠunknowns	 ﾠwe	 ﾠfunctionally	 ﾠtested	 ﾠthe	 ﾠunderpinnings	 ﾠand	 ﾠpredictions	 ﾠof	 ﾠthe	 ﾠ
classic	 ﾠ model	 ﾠ of	 ﾠ BG	 ﾠ in	 ﾠ awake,	 ﾠ behaving	 ﾠ mice.	 ﾠ 	 ﾠ Mice	 ﾠ were	 ﾠ trained	 ﾠ to	 ﾠ perform	 ﾠ a	 ﾠ simple	 ﾠ operant	 ﾠ
conditioning	 ﾠtask,	 ﾠand	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠoptogenetic	 ﾠmanipulations	 ﾠof	 ﾠdSPN	 ﾠor	 ﾠiSPN	 ﾠactivation	 ﾠon	 ﾠprimary	 ﾠ
motor	 ﾠcortex	 ﾠwere	 ﾠevaluated.	 ﾠ	 ﾠOur	 ﾠresults	 ﾠsupport	 ﾠthe	 ﾠclassic	 ﾠopponency	 ﾠmodel	 ﾠof	 ﾠthe	 ﾠBG	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠ
striatopallidal	 ﾠ pathway	 ﾠ suppresses	 ﾠ trained	 ﾠ movements	 ﾠ and	 ﾠ basal	 ﾠ activity	 ﾠ in	 ﾠ primary	 ﾠ motor	 ﾠ cortex	 ﾠ
whereas	 ﾠthe	 ﾠstriatonigral	 ﾠpathway	 ﾠhas	 ﾠconverse	 ﾠeffects.	 ﾠ	 ﾠBoth	 ﾠpathways	 ﾠexert	 ﾠlarge	 ﾠand	 ﾠpowerful	 ﾠeffects	 ﾠ
on	 ﾠcortex	 ﾠwith	 ﾠapproximately	 ﾠtwo-ﾭ‐fold	 ﾠalterations	 ﾠin	 ﾠcortical	 ﾠfiring	 ﾠrates	 ﾠrevealed	 ﾠwithin	 ﾠ~150	 ﾠms	 ﾠof	 ﾠ
optogenetic	 ﾠ manipulations	 ﾠ in	 ﾠ striatum.	 ﾠ 	 ﾠ Although	 ﾠ antagonistic	 ﾠ effects	 ﾠ of	 ﾠ dSPN	 ﾠ and	 ﾠ iSPN	 ﾠ activation	 ﾠ
dominate	 ﾠ at	 ﾠ the	 ﾠ population	 ﾠ and	 ﾠ behavioral	 ﾠ levels,	 ﾠ individual	 ﾠ cells	 ﾠ in	 ﾠ cortex	 ﾠ show	 ﾠ more	 ﾠ complex	 ﾠ
responses	 ﾠto	 ﾠmanipulation	 ﾠof	 ﾠstriatal	 ﾠactivity	 ﾠsuch	 ﾠthat	 ﾠgroups	 ﾠof	 ﾠneurons	 ﾠlocated	 ﾠin	 ﾠsuperficial	 ﾠlayers	 ﾠof	 ﾠ
primary	 ﾠmotor	 ﾠcortex	 ﾠdisplay	 ﾠtransient	 ﾠincreases	 ﾠin	 ﾠfiring	 ﾠin	 ﾠresponse	 ﾠto	 ﾠiSPN	 ﾠactivation.	 ﾠ	 ﾠFurthermore	 ﾠ
the	 ﾠeffects	 ﾠof	 ﾠdSPN	 ﾠactivation	 ﾠon	 ﾠcortex	 ﾠdepend	 ﾠheavily	 ﾠon	 ﾠbehavioral	 ﾠstate	 ﾠsuch	 ﾠthat,	 ﾠeven	 ﾠin	 ﾠneurons	 ﾠ
whose	 ﾠbaseline	 ﾠfiring	 ﾠrate	 ﾠis	 ﾠstrongly	 ﾠmodulated,	 ﾠactivity	 ﾠaround	 ﾠmovements	 ﾠand	 ﾠbehaviorally	 ﾠrelevant	 ﾠ
sensory	 ﾠcues	 ﾠare	 ﾠunaffected.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ	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2.3	 ﾠResults	 ﾠ
2.3.1	 ﾠHead-ﾭ‐fixed	 ﾠoperant	 ﾠconditioning	 ﾠ
Studies	 ﾠ of	 ﾠ circuit	 ﾠ interactions	 ﾠ between	 ﾠ the	 ﾠ striatum	 ﾠ and	 ﾠ motor	 ﾠ cortex	 ﾠ require	 ﾠ
electrophysiological	 ﾠ analysis	 ﾠ in	 ﾠ awake,	 ﾠ behaving	 ﾠ animals	 ﾠ since	 ﾠ striatal	 ﾠ activity	 ﾠ is	 ﾠ minimal	 ﾠ under	 ﾠ
anesthesia	 ﾠand	 ﾠthe	 ﾠneuromodulatory	 ﾠstate	 ﾠof	 ﾠthe	 ﾠstructure	 ﾠdepends	 ﾠcrucially	 ﾠon	 ﾠbehavioral	 ﾠcontext	 ﾠ
(Mahon	 ﾠet	 ﾠal.	 ﾠ2006;	 ﾠSpampinato	 ﾠet	 ﾠal.	 ﾠ1986).	 ﾠ	 ﾠTherefore,	 ﾠmice	 ﾠwere	 ﾠtrained	 ﾠin	 ﾠan	 ﾠoperant	 ﾠconditioning	 ﾠ
task	 ﾠin	 ﾠwhich	 ﾠa	 ﾠmotor	 ﾠaction	 ﾠcarried	 ﾠout	 ﾠin	 ﾠshort	 ﾠlatency	 ﾠfollowing	 ﾠan	 ﾠauditory	 ﾠcue	 ﾠled	 ﾠto	 ﾠa	 ﾠwater	 ﾠreward.	 ﾠ	 ﾠ
The	 ﾠtask	 ﾠwas	 ﾠdesigned	 ﾠ(see	 ﾠbelow)	 ﾠto	 ﾠinclude	 ﾠperiods	 ﾠof	 ﾠenforced	 ﾠno	 ﾠmovements,	 ﾠcued	 ﾠmovements	 ﾠfor	 ﾠ
reward,	 ﾠand	 ﾠspontaneous	 ﾠmovements,	 ﾠallowing	 ﾠanalysis	 ﾠof	 ﾠcircuit	 ﾠinteractions	 ﾠduring	 ﾠdifferent	 ﾠclasses	 ﾠof	 ﾠ
motor	 ﾠactions.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ	 ﾠAnimals	 ﾠwere	 ﾠhabituated	 ﾠto	 ﾠsit	 ﾠin	 ﾠa	 ﾠplastic	 ﾠtube	 ﾠthat	 ﾠsupported	 ﾠtheir	 ﾠweight	 ﾠwhile	 ﾠrestrained	 ﾠby	 ﾠ
a	 ﾠsurgically	 ﾠimplanted	 ﾠtitanium	 ﾠheadpost	 ﾠ(see	 ﾠmethods).	 ﾠ	 ﾠMice	 ﾠhad	 ﾠaccess	 ﾠto	 ﾠa	 ﾠwater	 ﾠdelivery	 ﾠspout	 ﾠ
which	 ﾠcould	 ﾠbe	 ﾠlicked	 ﾠfor	 ﾠreward	 ﾠas	 ﾠwell	 ﾠas	 ﾠto	 ﾠa	 ﾠlever	 ﾠwithin	 ﾠreach	 ﾠof	 ﾠthe	 ﾠleft	 ﾠforepaw	 ﾠ(adapted	 ﾠfrom	 ﾠ
(Histed	 ﾠ et	 ﾠ al.	 ﾠ 2012)).	 ﾠ 	 ﾠ All	 ﾠ depressions	 ﾠ and	 ﾠ releases	 ﾠ of	 ﾠ the	 ﾠ lever	 ﾠ were	 ﾠ recorded	 ﾠ by	 ﾠ a	 ﾠ microswitch	 ﾠ
positioned	 ﾠat	 ﾠthe	 ﾠfulcrum.	 ﾠ	 ﾠThe	 ﾠcue	 ﾠconsisted	 ﾠof	 ﾠa	 ﾠ50	 ﾠms	 ﾠ10	 ﾠkHz	 ﾠtone	 ﾠdelivered	 ﾠfrom	 ﾠa	 ﾠspeaker	 ﾠlocated	 ﾠ
approximately	 ﾠ10	 ﾠcm	 ﾠfrom	 ﾠthe	 ﾠanimal.	 ﾠFour	 ﾠmice	 ﾠwere	 ﾠtrained	 ﾠsimultaneously	 ﾠwith	 ﾠeach	 ﾠapparatus	 ﾠ
placed	 ﾠin	 ﾠa	 ﾠseparate	 ﾠsound-ﾭ‐attenuating	 ﾠbox.	 ﾠ
	 ﾠ Animals	 ﾠwere	 ﾠtrained	 ﾠusing	 ﾠan	 ﾠadaptive	 ﾠprogram	 ﾠthat	 ﾠdynamically	 ﾠaltered	 ﾠthe	 ﾠdifficulty	 ﾠof	 ﾠthe	 ﾠ
task	 ﾠ based	 ﾠ on	 ﾠ individual	 ﾠ in-ﾭ‐session	 ﾠ performance	 ﾠ (see	 ﾠ methods)	 ﾠ (Figure.	 ﾠ 2.1a).	 ﾠ 	 ﾠ After	 ﾠ reaching	 ﾠ
benchmarks	 ﾠwith	 ﾠthe	 ﾠadaptive	 ﾠprogram	 ﾠ(usually	 ﾠafter	 ﾠ14	 ﾠtraining	 ﾠdays),	 ﾠmice	 ﾠwere	 ﾠswitched	 ﾠto	 ﾠa	 ﾠstatic	 ﾠ
program	 ﾠwith	 ﾠfewer	 ﾠadjustable	 ﾠparameters	 ﾠ(Figure	 ﾠ2.1b).	 ﾠ	 ﾠA	 ﾠlarge	 ﾠfraction	 ﾠof	 ﾠmice	 ﾠbecame	 ﾠproficient	 ﾠat	 ﾠ
the	 ﾠtask,	 ﾠwith	 ﾠshort	 ﾠ(<1.5s)	 ﾠreaction	 ﾠtimes	 ﾠand	 ﾠearning	 ﾠrewards	 ﾠin	 ﾠa	 ﾠhigh	 ﾠfraction	 ﾠof	 ﾠtrials	 ﾠ(Figure	 ﾠ2.1c).	 ﾠ	 ﾠ	 ﾠ
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The	 ﾠduration	 ﾠof	 ﾠtraining	 ﾠvaried	 ﾠconsiderably	 ﾠbut	 ﾠ2-ﾭ‐3	 ﾠweeks	 ﾠwere	 ﾠgenerally	 ﾠrequired	 ﾠto	 ﾠreach	 ﾠproficiency	 ﾠ
(>125	 ﾠrewards	 ﾠin	 ﾠ90	 ﾠmin)	 ﾠ(Figure	 ﾠ2.1d).	 ﾠ	 ﾠProficient	 ﾠmice	 ﾠwere	 ﾠmoved	 ﾠto	 ﾠan	 ﾠelectrophysiology	 ﾠrig	 ﾠwith	 ﾠ
nearly	 ﾠidentical	 ﾠlayout	 ﾠto	 ﾠthe	 ﾠtraining	 ﾠrigs	 ﾠfor	 ﾠsubsequent	 ﾠanalysis.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ2.1.	 ﾠ	 ﾠOperant	 ﾠconditioning	 ﾠtask	 ﾠstructure	 ﾠand	 ﾠperformance.	 ﾠ	 ﾠ
(A)	 ﾠSchematic	 ﾠof	 ﾠthe	 ﾠtraining	 ﾠand	 ﾠtesting	 ﾠtask	 ﾠdesigns.	 ﾠ	 ﾠAfter	 ﾠthe	 ﾠstart	 ﾠof	 ﾠthe	 ﾠtask,	 ﾠif	 ﾠthe	 ﾠmouse	 ﾠrefrains	 ﾠfrom	 ﾠ
pressing	 ﾠa	 ﾠlever	 ﾠfor	 ﾠa	 ﾠvariable	 ﾠlength	 ﾠperiod	 ﾠ(Tnopress=1.5-ﾭ‐5	 ﾠs,	 ﾠred),	 ﾠthen	 ﾠa	 ﾠ10	 ﾠkHz	 ﾠtone	 ﾠis	 ﾠplayed	 ﾠ(“cue”).	 ﾠ	 ﾠFollowing	 ﾠ
the	 ﾠcue	 ﾠis	 ﾠa	 ﾠreward	 ﾠperiod	 ﾠ(Treward=1.5-ﾭ‐10	 ﾠs,	 ﾠgreen)	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠanimal	 ﾠreceives	 ﾠa	 ﾠwater	 ﾠdrop	 ﾠif	 ﾠit	 ﾠpresses	 ﾠand	 ﾠ
releases	 ﾠthe	 ﾠlever.	 ﾠ	 ﾠ	 ﾠDuring	 ﾠtraining	 ﾠthe	 ﾠduration	 ﾠTnopress	 ﾠand	 ﾠTreward	 ﾠare	 ﾠprogressively	 ﾠand	 ﾠdynamically	 ﾠadjusted	 ﾠ
based	 ﾠ on	 ﾠ the	 ﾠ animals	 ﾠ performance	 ﾠ to	 ﾠ shape	 ﾠ its	 ﾠ behavior	 ﾠ and	 ﾠ reaction	 ﾠ times.	 ﾠ Throughout	 ﾠ training	 ﾠ Tnopress	 ﾠ is	 ﾠ
randomly	 ﾠvaried	 ﾠto	 ﾠprevent	 ﾠan	 ﾠinterval	 ﾠtiming	 ﾠstrategy,	 ﾠwhile	 ﾠΔTreward	 ﾠis	 ﾠreduced	 ﾠto	 ﾠkeep	 ﾠthe	 ﾠtask	 ﾠchallenging	 ﾠfor	 ﾠ
the	 ﾠanimal.	 ﾠ	 ﾠFurthermore,	 ﾠthe	 ﾠvolume	 ﾠof	 ﾠwater	 ﾠper	 ﾠreward	 ﾠ(V)	 ﾠis	 ﾠproportional	 ﾠto	 ﾠreaction	 ﾠtime	 ﾠ(ΔTreaction,	 ﾠmeasured	 ﾠ
from	 ﾠthe	 ﾠend	 ﾠof	 ﾠthe	 ﾠtone	 ﾠto	 ﾠthe	 ﾠlevel	 ﾠrelease)	 ﾠsuch	 ﾠthat	 ﾠV=	 ﾠ8	 ﾠµl,	 ﾠif	 ﾠΔTreaction	 ﾠ<	 ﾠ200	 ﾠms	 ﾠ,	 ﾠlinear	 ﾠdecreases	 ﾠto	 ﾠ4µl	 ﾠup	 ﾠto	 ﾠ
ΔTreaction=1s,	 ﾠand	 ﾠfurther	 ﾠlinearly	 ﾠdecreases	 ﾠto	 ﾠ2µl	 ﾠat	 ﾠthe	 ﾠmaximally	 ﾠallowed	 ﾠΔTreaction.	 ﾠ
(B)	 ﾠFor	 ﾠbehavioral	 ﾠtesting	 ﾠand	 ﾠrecordings	 ﾠsessions,	 ﾠa	 ﾠstatic	 ﾠversion	 ﾠof	 ﾠthe	 ﾠtask	 ﾠis	 ﾠused	 ﾠin	 ﾠwhich	 ﾠTnopress	 ﾠis	 ﾠrandomly	 ﾠ
chosen	 ﾠfrom	 ﾠ1.5-ﾭ‐3	 ﾠs,	 ﾠΔTreaction=1.5	 ﾠs,	 ﾠV=	 ﾠ4	 ﾠµl.	 ﾠ	 ﾠ
(C)	 ﾠRaster	 ﾠplot	 ﾠ(top)	 ﾠand	 ﾠsummary	 ﾠhistogram	 ﾠ(bottom)	 ﾠof	 ﾠlever	 ﾠpresses	 ﾠtimes	 ﾠrelative	 ﾠto	 ﾠthe	 ﾠtone	 ﾠ(t=0)	 ﾠfor	 ﾠa	 ﾠsingle	 ﾠ
testing	 ﾠsession	 ﾠof	 ﾠa	 ﾠwell-ﾭ‐trained	 ﾠanimal.	 ﾠ	 ﾠ
(D)	 ﾠSummary	 ﾠ(n=8	 ﾠmice)	 ﾠof	 ﾠthe	 ﾠbehavioral	 ﾠmetrics	 ﾠduring	 ﾠtraining	 ﾠof	 ﾠthe	 ﾠmice	 ﾠused	 ﾠfor	 ﾠrecordings,	 ﾠshowing	 ﾠthat	 ﾠ
mice	 ﾠimprove	 ﾠon	 ﾠthis	 ﾠtask	 ﾠover	 ﾠ2	 ﾠto	 ﾠ3	 ﾠweeks.	 ﾠReaction	 ﾠtime	 ﾠ(top)	 ﾠis	 ﾠthe	 ﾠmean	 ﾠtime	 ﾠfrom	 ﾠtone	 ﾠto	 ﾠfirst	 ﾠlever	 ﾠpress	 ﾠ
after	 ﾠthe	 ﾠtone	 ﾠincluding	 ﾠthose	 ﾠthat	 ﾠfall	 ﾠoutside	 ﾠof	 ﾠthe	 ﾠreward	 ﾠwindow.	 ﾠ	 ﾠRewards	 ﾠper	 ﾠsession	 ﾠ(bottom)	 ﾠthe	 ﾠnumber	 ﾠ
of	 ﾠrewards	 ﾠreceived	 ﾠin	 ﾠeach	 ﾠ90	 ﾠmin	 ﾠsession.	 ﾠAnimals	 ﾠreached	 ﾠcriterion	 ﾠlevels	 ﾠfor	 ﾠtesting	 ﾠand	 ﾠrecording	 ﾠtypically	 ﾠ
after	 ﾠ14-ﾭ‐21	 ﾠdays.	 ﾠNote	 ﾠthat	 ﾠthe	 ﾠswitch	 ﾠto	 ﾠthe	 ﾠstatic	 ﾠvariant	 ﾠof	 ﾠthe	 ﾠtask	 ﾠusually	 ﾠoccurs	 ﾠaround	 ﾠtraining	 ﾠday	 ﾠ14.	 ﾠ	 ﾠ	 ﾠ
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2.3.2	 ﾠOptogenetic	 ﾠmanipulation	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠ
To	 ﾠgain	 ﾠoptical	 ﾠcontrol	 ﾠof	 ﾠeach	 ﾠpathway,	 ﾠtransgenic	 ﾠmice	 ﾠexpressing	 ﾠCre	 ﾠrecombinase	 ﾠin	 ﾠeither	 ﾠ
indirect	 ﾠpathway	 ﾠiSPNs	 ﾠ(Adora-ﾭ‐2A-ﾭ‐Cre)	 ﾠor	 ﾠdirect	 ﾠpathway	 ﾠdSPNs	 ﾠ(Drd1a-ﾭ‐Cre)	 ﾠwere	 ﾠinjected	 ﾠwith	 ﾠ500	 ﾠnl	 ﾠ
Adeno	 ﾠAssociated	 ﾠVirus	 ﾠ(AAV)	 ﾠencoding	 ﾠCre-ﾭ‐dependent	 ﾠChannelrhodopsin	 ﾠ(ChR2)	 ﾠtagged	 ﾠwith	 ﾠmCherry	 ﾠ
(AAV	 ﾠ2/5-ﾭ‐DIO-ﾭ‐CR-ﾭ‐mCherry).	 ﾠ	 ﾠThe	 ﾠinjection	 ﾠwas	 ﾠperformed	 ﾠone	 ﾠweek	 ﾠprior	 ﾠto	 ﾠthe	 ﾠbeginning	 ﾠof	 ﾠtraining	 ﾠ
and	 ﾠduring	 ﾠthe	 ﾠsame	 ﾠsurgery	 ﾠat	 ﾠwhich	 ﾠanimals	 ﾠwere	 ﾠfitted	 ﾠwith	 ﾠa	 ﾠtitanium	 ﾠheadpost.	 ﾠ	 ﾠ	 ﾠThe	 ﾠinjection	 ﾠwas	 ﾠ
directed	 ﾠto	 ﾠcoordinates	 ﾠfor	 ﾠstriatum,	 ﾠresulting	 ﾠin	 ﾠtransduction	 ﾠof	 ﾠneurons	 ﾠthroughout	 ﾠthe	 ﾠstriatum,	 ﾠwith	 ﾠ
little	 ﾠor	 ﾠno	 ﾠinfection	 ﾠin	 ﾠoverlying	 ﾠcortex.	 ﾠFluorescently	 ﾠlabeled	 ﾠprojections	 ﾠfrom	 ﾠdSPNs	 ﾠor	 ﾠiSPNs	 ﾠreached	 ﾠ
the	 ﾠexpected	 ﾠtargets	 ﾠof	 ﾠSNr	 ﾠand	 ﾠGPe,	 ﾠrespectively	 ﾠ(Figure	 ﾠ2.2a).	 ﾠIn	 ﾠa	 ﾠsubsequent	 ﾠsurgery,	 ﾠa	 ﾠmultimode	 ﾠ
fiber	 ﾠoptic	 ﾠwas	 ﾠchronically	 ﾠimplanted	 ﾠin	 ﾠthe	 ﾠdorsal	 ﾠstriatum	 ﾠto	 ﾠstably	 ﾠilluminate	 ﾠthe	 ﾠsite	 ﾠof	 ﾠinfection.	 ﾠ
In	 ﾠorder	 ﾠto	 ﾠassess	 ﾠthe	 ﾠeffectiveness	 ﾠof	 ﾠoptogenetic	 ﾠstimulation,	 ﾠin	 ﾠa	 ﾠsubset	 ﾠof	 ﾠexperiments	 ﾠa	 ﾠ16-ﾭ‐
channel	 ﾠextracellular	 ﾠrecording	 ﾠelectrode	 ﾠwas	 ﾠplaced	 ﾠin	 ﾠstriatum	 ﾠwhile	 ﾠthe	 ﾠanimal	 ﾠperformed	 ﾠthe	 ﾠtask.	 ﾠ
The	 ﾠrecording	 ﾠelectrode	 ﾠwas	 ﾠeither	 ﾠtargeted	 ﾠto	 ﾠthe	 ﾠfield	 ﾠof	 ﾠillumination	 ﾠof	 ﾠthe	 ﾠchronic	 ﾠfiber	 ﾠoptic,	 ﾠor,	 ﾠ
when	 ﾠthat	 ﾠwas	 ﾠdifficult	 ﾠdue	 ﾠto	 ﾠspace	 ﾠconstraints,	 ﾠfitted	 ﾠwith	 ﾠa	 ﾠfiber	 ﾠto	 ﾠform	 ﾠan	 ﾠoptrode	 ﾠand	 ﾠlowered	 ﾠinto	 ﾠ
the	 ﾠinfected	 ﾠregion.	 ﾠIn	 ﾠboth	 ﾠcases	 ﾠstriatal	 ﾠunits	 ﾠwere	 ﾠidentified	 ﾠand	 ﾠmodulated	 ﾠby	 ﾠChR2	 ﾠactivation	 ﾠwith	 ﾠ
blue	 ﾠlight	 ﾠ(Figure	 ﾠ2.2b).	 ﾠ	 ﾠThe	 ﾠdegree	 ﾠof	 ﾠmodulation	 ﾠof	 ﾠeach	 ﾠunit	 ﾠby	 ﾠoptogenetic	 ﾠactivation	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠ
was	 ﾠcalculated	 ﾠas:	 ﾠ	 ﾠ	 ﾠ
𝐼     =
𝑓    − 𝑓    
𝑓    + 𝑓    
	 ﾠ
with	 ﾠfon	 ﾠ 	 ﾠand	 ﾠfoff	 ﾠ 	 ﾠcorresponding	 ﾠthe	 ﾠaverage	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠindividual	 ﾠunits	 ﾠwith	 ﾠthe	 ﾠlaser	 ﾠon	 ﾠor	 ﾠoff,	 ﾠ
respectively,	 ﾠcalculated	 ﾠduring	 ﾠthe	 ﾠ1.5	 ﾠs	 ﾠbaseline	 ﾠperiod	 ﾠwith	 ﾠno	 ﾠmovements	 ﾠbefore	 ﾠthe	 ﾠdelivery	 ﾠof	 ﾠthe	 ﾠ
conditioned	 ﾠcue.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ2.2.	 ﾠChannelrhodopsin	 ﾠ(ChR2)	 ﾠmediated	 ﾠmodulation	 ﾠof	 ﾠstriatal	 ﾠprojection	 ﾠneurons	 ﾠand	 ﾠbehavior	 ﾠ	 ﾠ	 ﾠ
A,	 ﾠ Saggital	 ﾠ brain	 ﾠ slices	 ﾠ showing	 ﾠ ChR2	 ﾠ expression	 ﾠ (red)	 ﾠ following	 ﾠ injection	 ﾠ of	 ﾠ Cre-ﾭ‐dependent	 ﾠ ChR2-ﾭ‐mCherry	 ﾠ
encoding	 ﾠ AAV	 ﾠ in	 ﾠ mice	 ﾠ that	 ﾠ express	 ﾠ Cre	 ﾠ in	 ﾠ iSPNs	 ﾠ (iSPN-ﾭ‐ChR2,	 ﾠ left)	 ﾠ or	 ﾠ dSPNs	 ﾠ (dSPN-ﾭ‐ChR2,	 ﾠ right).	 ﾠ Images	 ﾠ were	 ﾠ
consistent	 ﾠwith	 ﾠhistology	 ﾠfrom	 ﾠall	 ﾠrecorded	 ﾠanimals	 ﾠ(n=7	 ﾠISPN-ﾭ‐ChR2,	 ﾠN=8	 ﾠdSPN-ﾭ‐ChR2).	 ﾠ	 ﾠ	 ﾠ	 ﾠ
B,	 ﾠExample	 ﾠraster	 ﾠplots	 ﾠand	 ﾠhistograms	 ﾠof	 ﾠputative	 ﾠChR2-ﾭ‐expressing	 ﾠSPNs	 ﾠunits	 ﾠfrom	 ﾠiSPN-ﾭ‐ChR2	 ﾠ(left)	 ﾠand	 ﾠdSPN-ﾭ‐
ChR2	 ﾠ(right)	 ﾠanimals.	 ﾠBlue	 ﾠindicates	 ﾠperiod	 ﾠof	 ﾠ473nm	 ﾠlight	 ﾠillumination.	 ﾠ	 ﾠ
C,	 ﾠHistogram	 ﾠof	 ﾠindices	 ﾠof	 ﾠmodulation	 ﾠof	 ﾠfiring	 ﾠrate	 ﾠ(IChR2)	 ﾠof	 ﾠseparated	 ﾠunits	 ﾠby	 ﾠChR2	 ﾠactivation.	 ﾠ	 ﾠIChR2	 ﾠis	 ﾠthe	 ﾠ
difference	 ﾠin	 ﾠthe	 ﾠbaseline	 ﾠfiring	 ﾠrate	 ﾠbetween	 ﾠlight	 ﾠon	 ﾠand	 ﾠoff	 ﾠdivided	 ﾠby	 ﾠthe	 ﾠsum	 ﾠof	 ﾠthose	 ﾠfiring	 ﾠrates.	 ﾠBaseline	 ﾠ
firing	 ﾠwas	 ﾠmeasured	 ﾠduring	 ﾠthe	 ﾠperiod	 ﾠup	 ﾠto	 ﾠ1.5s	 ﾠbefore	 ﾠthe	 ﾠtone	 ﾠduring	 ﾠwhich	 ﾠno	 ﾠmovements	 ﾠare	 ﾠdetected.	 ﾠRed	 ﾠ
bars	 ﾠindicate	 ﾠunits	 ﾠthat	 ﾠwere	 ﾠstatistically	 ﾠsignificantly	 ﾠmodulated	 ﾠby	 ﾠlight	 ﾠ(T-ﾭ‐Test,	 ﾠp<0.05,	 ﾠiSPN	 ﾠ35/76	 ﾠunits	 ﾠacross	 ﾠ3	 ﾠ
animals;	 ﾠdSPN	 ﾠ57/98	 ﾠunits	 ﾠacross	 ﾠ3	 ﾠanimals).	 ﾠ	 ﾠThe	 ﾠpopulation	 ﾠof	 ﾠstriatal	 ﾠunits	 ﾠdo	 ﾠnot	 ﾠdemonstrate	 ﾠconsistent	 ﾠ
change	 ﾠin	 ﾠfiring	 ﾠrates	 ﾠto	 ﾠiSPN	 ﾠactivation	 ﾠalthough	 ﾠmany	 ﾠcells	 ﾠchange	 ﾠtheir	 ﾠfiring	 ﾠrates,	 ﾠaverage	 ﾠindex	 ﾠ-ﾭ‐0.06	 ﾠ(p>0.05	 ﾠ
Wilcoxon	 ﾠSigned	 ﾠRank	 ﾠTest,	 ﾠn=76	 ﾠunits,	 ﾠN=3	 ﾠAnimals,	 ﾠleft),	 ﾠbut	 ﾠdo	 ﾠto	 ﾠdSPN	 ﾠactivation,	 ﾠaverage	 ﾠindex	 ﾠ0.31	 ﾠ(p<0.0001	 ﾠ
Wilcoxon	 ﾠSigned	 ﾠRank	 ﾠTest,	 ﾠn=98	 ﾠunits,	 ﾠ3	 ﾠAnimals,	 ﾠright).	 ﾠ	 ﾠ
D,	 ﾠSummary	 ﾠof	 ﾠchanges	 ﾠin	 ﾠbehavioral	 ﾠmetrics	 ﾠresulting	 ﾠfrom	 ﾠChR2-ﾭ‐activation	 ﾠlight	 ﾠstimulated	 ﾠtrials.	 ﾠiSPN-ﾭ‐ChR2	 ﾠ
animals	 ﾠ(N=7	 ﾠanimals),	 ﾠdSPN-ﾭ‐ChR2	 ﾠ(N=8	 ﾠanimals),	 ﾠor	 ﾠChR2-ﾭ‐negative	 ﾠcontrol	 ﾠanimals	 ﾠ(N=3	 ﾠanimals)	 ﾠwere	 ﾠscored	 ﾠfor	 ﾠ
changes	 ﾠin	 ﾠrate	 ﾠof	 ﾠpresses	 ﾠ(far	 ﾠleft),	 ﾠduration	 ﾠthe	 ﾠlever	 ﾠwas	 ﾠheld	 ﾠdown	 ﾠ(left),	 ﾠReaction	 ﾠtime	 ﾠfor	 ﾠa	 ﾠrewarded	 ﾠtrial	 ﾠ
(right),	 ﾠand	 ﾠpercentage	 ﾠof	 ﾠtrials	 ﾠthat	 ﾠwere	 ﾠrewarded	 ﾠ(far	 ﾠright)	 ﾠas	 ﾠa	 ﾠratio	 ﾠof	 ﾠperformance	 ﾠin	 ﾠbaseline	 ﾠconditions	 ﾠand	 ﾠ
with	 ﾠblue	 ﾠlight	 ﾠstimulation	 ﾠ(*	 ﾠindicates	 ﾠP<0.05	 ﾠWilcoxon	 ﾠSigned	 ﾠRank	 ﾠTest,	 ﾠTheoretical	 ﾠMedian	 ﾠ1.0	 ﾠno	 ﾠchange).	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ2.2	 ﾠ(continued):	 ﾠChannelrhodopsin	 ﾠ(ChR2)	 ﾠmediated	 ﾠmodulation	 ﾠof	 ﾠstriatal	 ﾠprojection	 ﾠneurons	 ﾠ
and	 ﾠbehavior	 ﾠ	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
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Activation	 ﾠof	 ﾠiSPNs	 ﾠor	 ﾠdSPNs	 ﾠmodulated	 ﾠactivity	 ﾠin	 ﾠstriatum	 ﾠover	 ﾠa	 ﾠbroad	 ﾠrange	 ﾠwith	 ﾠindividual	 ﾠ
neurons	 ﾠshowing	 ﾠsuppression	 ﾠor	 ﾠenhancement	 ﾠand	 ﾠIChR2	 ﾠdistributed	 ﾠover	 ﾠmuch	 ﾠof	 ﾠits	 ﾠ-ﾭ‐1	 ﾠto	 ﾠ1	 ﾠdynamic	 ﾠ
range.	 ﾠ	 ﾠIn	 ﾠeach	 ﾠcondition,	 ﾠapproximately	 ﾠ10%	 ﾠof	 ﾠunits	 ﾠhad	 ﾠIChR2>0.75,	 ﾠcorresponding	 ﾠto	 ﾠa	 ﾠ7-ﾭ‐fold	 ﾠincrease	 ﾠ
in	 ﾠaction	 ﾠpotential	 ﾠfiring	 ﾠrate	 ﾠ(7/76	 ﾠiSPN	 ﾠunits,	 ﾠ9/98	 ﾠdSPN	 ﾠunits).	 ﾠ	 ﾠThese	 ﾠunits	 ﾠhad	 ﾠlow	 ﾠbasal	 ﾠfiring	 ﾠrates	 ﾠ
prior	 ﾠto	 ﾠthe	 ﾠoptogenetic	 ﾠstimulus	 ﾠ(average	 ﾠHz	 ﾠ0.32±	 ﾠ0.10	 ﾠdSPN,	 ﾠ0.49±0.13	 ﾠiSPN,	 ﾠp>0.2	 ﾠMann	 ﾠWhitney	 ﾠ
Test	 ﾠbetween	 ﾠpathways),	 ﾠand	 ﾠrobustly	 ﾠresponded	 ﾠto	 ﾠlight	 ﾠwithin	 ﾠ50	 ﾠms	 ﾠ(Sup	 ﾠFigure	 ﾠ2.1);	 ﾠthus,	 ﾠthese	 ﾠ
neurons	 ﾠlikely	 ﾠrepresent	 ﾠChR2-ﾭ‐expressing	 ﾠneurons	 ﾠthat	 ﾠwere	 ﾠdirectly	 ﾠstimulated.	 ﾠ	 ﾠOverall,	 ﾠoptogenetic	 ﾠ
stimulation	 ﾠincreased	 ﾠthe	 ﾠfiring	 ﾠrate	 ﾠof	 ﾠ~40%	 ﾠ(30/76	 ﾠunits)	 ﾠand	 ﾠ86%	 ﾠ(85/98	 ﾠunits)	 ﾠof	 ﾠstriatal	 ﾠunits	 ﾠwhen	 ﾠ
activating	 ﾠiSPNs	 ﾠand	 ﾠdSPNs,	 ﾠrespectively,	 ﾠpresumably	 ﾠthrough	 ﾠa	 ﾠcombination	 ﾠof	 ﾠdirect	 ﾠactivation	 ﾠand	 ﾠ
network	 ﾠeffects.	 ﾠFurthermore,	 ﾠin	 ﾠboth	 ﾠsets	 ﾠof	 ﾠexperiments	 ﾠneurons	 ﾠalso	 ﾠwere	 ﾠidentified	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠ
that	 ﾠwere	 ﾠinhibited	 ﾠby	 ﾠlight.	 ﾠ	 ﾠSuch	 ﾠinhibition	 ﾠcould	 ﾠresults	 ﾠfrom	 ﾠSPN	 ﾠto	 ﾠSPN	 ﾠGABAergic	 ﾠsynapses,	 ﾠwhich	 ﾠ
exist	 ﾠamong	 ﾠand	 ﾠacross	 ﾠneurons	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠ(Wilson	 ﾠ&	 ﾠGroves	 ﾠ1980;	 ﾠKozorovitskiy	 ﾠet	 ﾠal.	 ﾠ2012)	 ﾠas	 ﾠ
well	 ﾠas	 ﾠfrom	 ﾠlong-ﾭ‐range	 ﾠcircuit	 ﾠeffects.	 ﾠ	 ﾠInhibition	 ﾠwas	 ﾠrare	 ﾠfollowing	 ﾠactivation	 ﾠof	 ﾠdSPN	 ﾠ(4	 ﾠof	 ﾠ98	 ﾠunits	 ﾠ
showed	 ﾠsignificant	 ﾠreductions)	 ﾠand	 ﾠmore	 ﾠcommon	 ﾠfollowing	 ﾠiSPN	 ﾠactivation	 ﾠ(27	 ﾠof	 ﾠ76	 ﾠunits)	 ﾠ(Figure	 ﾠ2.2c,	 ﾠ
Sup	 ﾠFigure	 ﾠ2.1).	 ﾠ	 ﾠ	 ﾠ
Two	 ﾠ possible	 ﾠ effects	 ﾠ could	 ﾠ contribute	 ﾠ to	 ﾠ the	 ﾠ differences	 ﾠ in	 ﾠ the	 ﾠ fractions	 ﾠ of	 ﾠ activation	 ﾠ and	 ﾠ
suppressed	 ﾠ units	 ﾠ seen	 ﾠ with	 ﾠ stimulation	 ﾠ of	 ﾠ iSPNs	 ﾠ and	 ﾠ dSPNs.	 ﾠ 	 ﾠ First,	 ﾠ collateral	 ﾠ synapses	 ﾠ are	 ﾠ more	 ﾠ
commonly	 ﾠformed	 ﾠand	 ﾠare	 ﾠstronger	 ﾠwhen	 ﾠthe	 ﾠpresynaptic	 ﾠpartner	 ﾠis	 ﾠan	 ﾠiSPN	 ﾠ(Taverna	 ﾠet	 ﾠal.	 ﾠ2008).	 ﾠ	 ﾠ
Second,	 ﾠthe	 ﾠprediction	 ﾠof	 ﾠthe	 ﾠclassic	 ﾠmodel	 ﾠof	 ﾠBG	 ﾠfunction	 ﾠis	 ﾠthat	 ﾠiSPN	 ﾠactivation	 ﾠshould	 ﾠlead	 ﾠto	 ﾠnet	 ﾠ
reductions	 ﾠin	 ﾠexcitatory	 ﾠdrive	 ﾠto	 ﾠstriatum,	 ﾠthereby	 ﾠfurther	 ﾠreducing	 ﾠactivity	 ﾠin	 ﾠthis	 ﾠstructure,	 ﾠwhereas	 ﾠ
dSPN	 ﾠactivation	 ﾠshould	 ﾠlead	 ﾠto	 ﾠnet	 ﾠincreased	 ﾠexcitation	 ﾠof	 ﾠstriatum.	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
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2.3.3	 ﾠBehavioral	 ﾠeffects	 ﾠof	 ﾠpathway	 ﾠstimulation:	 ﾠ
To	 ﾠdetermine	 ﾠthe	 ﾠbehavioral	 ﾠeffects	 ﾠof	 ﾠiSPN	 ﾠor	 ﾠdSPN	 ﾠactivation,	 ﾠwe	 ﾠstimulated	 ﾠeach	 ﾠpathway	 ﾠ
through	 ﾠthe	 ﾠchronically	 ﾠimplanted	 ﾠfiber	 ﾠ(see	 ﾠmethods)	 ﾠon	 ﾠalternating	 ﾠtrials	 ﾠusing	 ﾠ1.5-ﾭ‐3	 ﾠmW	 ﾠof	 ﾠ473	 ﾠnm	 ﾠ
light.	 ﾠSimilar	 ﾠprotocols	 ﾠhave	 ﾠbeen	 ﾠused	 ﾠpreviously	 ﾠto	 ﾠmanipulate	 ﾠSPN	 ﾠactivity	 ﾠin	 ﾠawake	 ﾠmice	 ﾠ(Kravitz	 ﾠet	 ﾠ
al.	 ﾠ2010).	 ﾠ	 ﾠiSPN	 ﾠactivation	 ﾠreduced	 ﾠand	 ﾠdSPN	 ﾠactivation	 ﾠincreased	 ﾠthe	 ﾠfrequency	 ﾠof	 ﾠlever	 ﾠpresses	 ﾠ(Figure	 ﾠ
2.2d;	 ﾠratio	 ﾠof	 ﾠpress	 ﾠfrequency	 ﾠwith	 ﾠChR2	 ﾠactivation	 ﾠto	 ﾠcontrol	 ﾠtrials:	 ﾠiSPN	 ﾠ0.45±0.09	 ﾠN=7	 ﾠmice,	 ﾠdSPN	 ﾠ
3.1±0.66	 ﾠ N=8	 ﾠ mice;	 ﾠ p<0.05	 ﾠ Wilcoxon	 ﾠ Signed	 ﾠ Rank	 ﾠ Test	 ﾠ for	 ﾠ each)	 ﾠ whereas	 ﾠ uninfected	 ﾠ control	 ﾠ mice	 ﾠ
showed	 ﾠno	 ﾠmodulation	 ﾠ(1.1±0.06	 ﾠN=3	 ﾠmice,	 ﾠn.s.	 ﾠWilcoxon	 ﾠSigned	 ﾠRank	 ﾠTest).	 ﾠ	 ﾠReaction	 ﾠtime	 ﾠ(in	 ﾠtrials	 ﾠ
where	 ﾠ the	 ﾠ animal	 ﾠ received	 ﾠ a	 ﾠ reward)	 ﾠ was	 ﾠ lengthened	 ﾠ by	 ﾠ either	 ﾠ iSPN	 ﾠ or	 ﾠ dSPN	 ﾠ activation	 ﾠ (Ratio	 ﾠ of	 ﾠ
reaction	 ﾠtime:	 ﾠ1.5±0.25	 ﾠiSPN,	 ﾠp<0.05;	 ﾠ1.4±0.30	 ﾠdSPN,	 ﾠn.s.;	 ﾠ0.97±0.04	 ﾠuninfected,	 ﾠn.s.;	 ﾠWilcoxon	 ﾠSigned	 ﾠ
Rank	 ﾠTest).	 ﾠ	 ﾠIn	 ﾠaddition,	 ﾠpress	 ﾠduration	 ﾠwas	 ﾠincreased	 ﾠvia	 ﾠiSPN	 ﾠactivation	 ﾠbut	 ﾠunaffected	 ﾠby	 ﾠblue	 ﾠlight	 ﾠin	 ﾠ
control	 ﾠor	 ﾠdSPN	 ﾠinfected	 ﾠmice	 ﾠ(iSPN	 ﾠ6.3±2.9	 ﾠp<0.05,	 ﾠdSPN	 ﾠ1.2±0.27	 ﾠn.s.,	 ﾠcontrol	 ﾠ0.93±0.07	 ﾠn.s.	 ﾠWilcoxon	 ﾠ
signed	 ﾠ rank	 ﾠ test),	 ﾠ indicating	 ﾠ delayed	 ﾠ and	 ﾠ slowed	 ﾠ kinetics	 ﾠ of	 ﾠ even	 ﾠ highly	 ﾠ trained	 ﾠ reward-ﾭ‐reinforced	 ﾠ
movements	 ﾠwith	 ﾠiSPN	 ﾠactivation.	 ﾠ	 ﾠFinally,	 ﾠoverall	 ﾠaccuracy	 ﾠ(rewards	 ﾠper	 ﾠtone	 ﾠwith	 ﾠand	 ﾠwithout	 ﾠpathway	 ﾠ
stimulation)	 ﾠwas	 ﾠreduced	 ﾠby	 ﾠiSPN	 ﾠactivation	 ﾠand	 ﾠenhanced	 ﾠvia	 ﾠdSPN	 ﾠactivation	 ﾠ(Ratio	 ﾠof	 ﾠaccuracy:	 ﾠiSPN	 ﾠ
0.37±0.10	 ﾠp<0.05,	 ﾠdSPN	 ﾠ2.0±0.60	 ﾠn.s.,	 ﾠcontrol	 ﾠ0.99±0.030	 ﾠn.s,	 ﾠWilcoxon	 ﾠsigned	 ﾠrank	 ﾠtest).	 ﾠ
	 ﾠ
2.3.4	 ﾠEffects	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠon	 ﾠmotor	 ﾠcortex	 ﾠin	 ﾠquiescent	 ﾠanimals	 ﾠ
To	 ﾠstudy	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠstriatal	 ﾠactivity	 ﾠon	 ﾠcortical	 ﾠfunction	 ﾠwe	 ﾠinserted	 ﾠmultielectrode	 ﾠarrays	 ﾠin	 ﾠ
the	 ﾠforepaw	 ﾠregion	 ﾠof	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠ(M1)	 ﾠcontralateral	 ﾠto	 ﾠthe	 ﾠlever	 ﾠand	 ﾠipsilateral	 ﾠto	 ﾠthe	 ﾠchronic	 ﾠ
fiber	 ﾠlocated	 ﾠin	 ﾠstriatum	 ﾠ(Sup	 ﾠFigure	 ﾠ2.2a).	 ﾠ	 ﾠThe	 ﾠstereotaxic	 ﾠlocation	 ﾠof	 ﾠforepaw	 ﾠM1	 ﾠ(0.25	 ﾠanterior,	 ﾠ1.5	 ﾠ
lateral	 ﾠfrom	 ﾠbregma)	 ﾠwas	 ﾠconfirmed	 ﾠin	 ﾠadvance	 ﾠvia	 ﾠmicrostimulation	 ﾠin	 ﾠanesthetized	 ﾠmice,	 ﾠwhich	 ﾠreliably	 ﾠ
produced	 ﾠtwitches	 ﾠin	 ﾠthe	 ﾠforepaw	 ﾠin	 ﾠ4	 ﾠout	 ﾠof	 ﾠ5	 ﾠanimals,	 ﾠin	 ﾠagreement	 ﾠwith	 ﾠprevious	 ﾠreports	 ﾠ(Tennant	 ﾠet	 ﾠ	 ﾠ
	 ﾠ
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al.	 ﾠ2011)	 ﾠ(Sup	 ﾠFigure	 ﾠ2.2b).	 ﾠFurthermore,	 ﾠongoing	 ﾠactivity	 ﾠin	 ﾠthis	 ﾠarea	 ﾠis	 ﾠacutely	 ﾠnecessary	 ﾠto	 ﾠcarry	 ﾠout	 ﾠ
the	 ﾠtrained	 ﾠtask	 ﾠas	 ﾠfocal	 ﾠpharmacological	 ﾠinactivation	 ﾠvia	 ﾠinjection	 ﾠof	 ﾠGABA	 ﾠ(50	 ﾠnl,	 ﾠ100	 ﾠmM)	 ﾠin	 ﾠthis	 ﾠ
region	 ﾠtransiently	 ﾠimpaired	 ﾠperformance	 ﾠ(for	 ﾠ140s	 ﾠto	 ﾠ>1000s,	 ﾠin	 ﾠ2	 ﾠanimals)	 ﾠ(Sup	 ﾠFigure	 ﾠ2.2c).	 ﾠ
Classic	 ﾠmodels	 ﾠpostulate	 ﾠthat	 ﾠactivity	 ﾠof	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠis	 ﾠup-ﾭ‐	 ﾠand	 ﾠdown-ﾭ‐regulated	 ﾠby	 ﾠBG-ﾭ‐
mediated	 ﾠ disinhibition	 ﾠ and	 ﾠ inhibition	 ﾠ of	 ﾠ ascending	 ﾠ thalamocortical	 ﾠ projections.	 ﾠ 	 ﾠ In	 ﾠ this	 ﾠ model,	 ﾠ the	 ﾠ
thalamus	 ﾠ is	 ﾠ tonically	 ﾠ inhibited	 ﾠ by	 ﾠ the	 ﾠ SNr	 ﾠ which	 ﾠ itself	 ﾠ can	 ﾠ be	 ﾠ inhibited	 ﾠ by	 ﾠ dSPN	 ﾠ input	 ﾠ (thereby	 ﾠ
disinhibiting	 ﾠthalamus)	 ﾠor	 ﾠdisinhibited	 ﾠby	 ﾠiSPN	 ﾠeffects	 ﾠin	 ﾠGPe	 ﾠ(thereby	 ﾠfurther	 ﾠinhibiting	 ﾠthalamus).	 ﾠ	 ﾠTwo	 ﾠ
inherent	 ﾠassumptions	 ﾠin	 ﾠthis	 ﾠmodel	 ﾠare	 ﾠthat	 ﾠongoing	 ﾠthalamocortical	 ﾠactivity	 ﾠaccounts	 ﾠfor	 ﾠa	 ﾠsignificant	 ﾠ
fraction	 ﾠof	 ﾠcortical	 ﾠexcitation	 ﾠand	 ﾠthat	 ﾠincreasing	 ﾠSNr	 ﾠactivity	 ﾠinhibits	 ﾠthe	 ﾠthalamic	 ﾠprojection	 ﾠneurons	 ﾠ
responsible	 ﾠfor	 ﾠthis	 ﾠdrive.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ To	 ﾠdetermine	 ﾠif	 ﾠincreasing	 ﾠiSPN	 ﾠfiring	 ﾠmodulates	 ﾠongoing	 ﾠactivity	 ﾠof	 ﾠprimary	 ﾠmotor	 ﾠcortex,	 ﾠiSPNs	 ﾠ
were	 ﾠstimulated	 ﾠvia	 ﾠChR2	 ﾠduring	 ﾠquiescent	 ﾠperiods	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠmice	 ﾠmade	 ﾠno	 ﾠmovements	 ﾠand	 ﾠreceived	 ﾠ
no	 ﾠauditory	 ﾠstimulus	 ﾠor	 ﾠreward.	 ﾠ	 ﾠConsistent	 ﾠwith	 ﾠclassical	 ﾠmodels,	 ﾠactivation	 ﾠof	 ﾠiSPNs	 ﾠstrongly	 ﾠreduced	 ﾠ
the	 ﾠ average	 ﾠ firing	 ﾠ rate	 ﾠ of	 ﾠ many	 ﾠ cortical	 ﾠ units	 ﾠ in	 ﾠ this	 ﾠ baseline	 ﾠ period	 ﾠ (Figure	 ﾠ 2.3a-ﾭ‐d):	 ﾠ of	 ﾠ 193	 ﾠ units	 ﾠ
recorded	 ﾠfrom	 ﾠ4	 ﾠanimals,	 ﾠthe	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠ136	 ﾠunits	 ﾠwere	 ﾠsignificantly	 ﾠchanged	 ﾠ(132/193	 ﾠinhibited,	 ﾠ
4/193	 ﾠexcited,	 ﾠeach	 ﾠsignificant	 ﾠunit	 ﾠp<0.05	 ﾠ2-ﾭ‐tailed	 ﾠt-ﾭ‐test	 ﾠon	 ﾠalternating	 ﾠtrials).	 ﾠThe	 ﾠpopulation	 ﾠfiring	 ﾠrate	 ﾠ
was	 ﾠreduced	 ﾠsignificantly	 ﾠwith	 ﾠan	 ﾠaverage	 ﾠmodulation	 ﾠindex	 ﾠof	 ﾠ-ﾭ‐0.31	 ﾠcorresponding	 ﾠto	 ﾠ~47%	 ﾠdecrease	 ﾠ
(Figure	 ﾠ2.3b;	 ﾠp<0.0001	 ﾠn=193	 ﾠunits,	 ﾠWilcoxon	 ﾠMatched	 ﾠpairs	 ﾠsigned	 ﾠrank	 ﾠtest).	 ﾠ	 ﾠThese	 ﾠresults	 ﾠindicate	 ﾠ
that	 ﾠactivation	 ﾠof	 ﾠiSPNs,	 ﾠwhich	 ﾠhave	 ﾠno	 ﾠdirect	 ﾠoutput	 ﾠto	 ﾠcortex,	 ﾠreduce	 ﾠcortical	 ﾠfiring	 ﾠrates,	 ﾠpresumably	 ﾠ
by	 ﾠreducing	 ﾠthalamocortical	 ﾠdrive.	 ﾠ	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
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Figure	 ﾠ2.3.	 ﾠAntagonist	 ﾠmodulation	 ﾠof	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠby	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways.	 ﾠ
A,	 ﾠ	 ﾠiSPN	 ﾠactivation	 ﾠdecreases	 ﾠ(left)	 ﾠand	 ﾠdSPN	 ﾠactivation	 ﾠincreases	 ﾠ(right)	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠmotor	 ﾠcortex.	 ﾠExample	 ﾠraster	 ﾠ
plots	 ﾠ (top)	 ﾠ and	 ﾠ histograms	 ﾠ of	 ﾠ activity	 ﾠ (bottom)	 ﾠ of	 ﾠ isolated	 ﾠ cortical	 ﾠ units	 ﾠ in	 ﾠ control	 ﾠ conditions	 ﾠ and	 ﾠ during	 ﾠ
optogenetic	 ﾠactivation	 ﾠin	 ﾠstriatum	 ﾠ(blue).	 ﾠ
B,	 ﾠIndices	 ﾠof	 ﾠmodulation	 ﾠ(IChR2)	 ﾠof	 ﾠfiring	 ﾠrates	 ﾠcortical	 ﾠunits	 ﾠfor	 ﾠiSPN	 ﾠor	 ﾠdSPN	 ﾠoptogenetic	 ﾠactivations.	 ﾠ	 ﾠIndices	 ﾠwere	 ﾠ
calculated	 ﾠbased	 ﾠon	 ﾠthe	 ﾠfiring	 ﾠrates	 ﾠduring	 ﾠthe	 ﾠ1.5s	 ﾠperiod	 ﾠbefore	 ﾠthe	 ﾠtone	 ﾠin	 ﾠwhich	 ﾠno	 ﾠmovements	 ﾠwere	 ﾠdetected	 ﾠ
(as	 ﾠin	 ﾠFig	 ﾠ2.2C).	 ﾠRed	 ﾠbars	 ﾠindicate	 ﾠunits	 ﾠthat	 ﾠwere	 ﾠstatistically	 ﾠsignificantly	 ﾠmodulated	 ﾠby	 ﾠlight	 ﾠ(iSPN:	 ﾠ136/193	 ﾠunits	 ﾠ
across	 ﾠ4	 ﾠanimals;	 ﾠdSPN:	 ﾠ103/136	 ﾠunits	 ﾠacross	 ﾠ4	 ﾠanimals;	 ﾠt-ﾭ‐test,	 ﾠp<0.05).	 ﾠ	 ﾠAs	 ﾠa	 ﾠpopulation	 ﾠcortical	 ﾠunits	 ﾠwere	 ﾠalso	 ﾠ
significantly	 ﾠmodulated	 ﾠby	 ﾠeach	 ﾠoptogenetic	 ﾠmanipulation	 ﾠ(p<0.01,	 ﾠ	 ﾠWilcoxon	 ﾠsigned	 ﾠrank).	 ﾠ	 ﾠ
C,	 ﾠMean	 ﾠfiring	 ﾠrate	 ﾠacross	 ﾠall	 ﾠcortical	 ﾠneurons	 ﾠfor	 ﾠthe	 ﾠperiod	 ﾠaround	 ﾠthe	 ﾠon	 ﾠ(left)	 ﾠand	 ﾠoff	 ﾠ(right)	 ﾠlight	 ﾠtransitions.	 ﾠ
Gray	 ﾠbars	 ﾠare	 ﾠ±	 ﾠSEM.	 ﾠ	 ﾠ
D,	 ﾠPseudocolored	 ﾠplot	 ﾠof	 ﾠchanges	 ﾠin	 ﾠfiring	 ﾠrate	 ﾠof	 ﾠall	 ﾠunits	 ﾠnormalized	 ﾠto	 ﾠthe	 ﾠbaseline	 ﾠperiod	 ﾠand	 ﾠordered	 ﾠby	 ﾠlight	 ﾠ
modulation	 ﾠindex	 ﾠ(low	 ﾠto	 ﾠhigh).	 ﾠ	 ﾠBlues	 ﾠand	 ﾠpurples	 ﾠrepresent	 ﾠlow	 ﾠfiring	 ﾠrates	 ﾠwhereas	 ﾠyellow	 ﾠand	 ﾠred	 ﾠrepresent	 ﾠ
high	 ﾠfiring	 ﾠrate.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ2.3	 ﾠ(continued):	 ﾠAntagonist	 ﾠmodulation	 ﾠof	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠby	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠ
pathways.	 ﾠ	 ﾠ
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To	 ﾠ test	 ﾠ if	 ﾠ the	 ﾠ BG	 ﾠ exert	 ﾠ tonic	 ﾠ inhibition	 ﾠ on	 ﾠ cortical	 ﾠ activity	 ﾠ via	 ﾠ inhibition	 ﾠ in	 ﾠ thalamus,	 ﾠ we	 ﾠ
examined	 ﾠ the	 ﾠ effects	 ﾠ of	 ﾠ disinhibiting	 ﾠ thalamus	 ﾠ via	 ﾠ activation	 ﾠ of	 ﾠ dSPNs	 ﾠ during	 ﾠ quiescent	 ﾠ periods	 ﾠ as	 ﾠ
above.	 ﾠ	 ﾠThe	 ﾠaverage	 ﾠbasal	 ﾠfiring	 ﾠrate	 ﾠin	 ﾠmotor	 ﾠcortex	 ﾠin	 ﾠthese	 ﾠexperiments	 ﾠand	 ﾠtransgenic	 ﾠmice	 ﾠwas	 ﾠthe	 ﾠ
same	 ﾠas	 ﾠfor	 ﾠiSPN	 ﾠmanipulations	 ﾠabove	 ﾠ(iSPN	 ﾠ9.6±0.99	 ﾠHz,	 ﾠdSPN	 ﾠ9.0±1.3	 ﾠHz,	 ﾠn.s.	 ﾠMann	 ﾠWhitney).	 ﾠIn	 ﾠ
response	 ﾠ to	 ﾠ optogenetic	 ﾠ activation	 ﾠ of	 ﾠ dSPNs	 ﾠ a	 ﾠ large	 ﾠ portion	 ﾠ of	 ﾠ cortical	 ﾠ units	 ﾠ were	 ﾠ significantly	 ﾠ
modulated	 ﾠ(Figure	 ﾠ2.3a-ﾭ‐d):	 ﾠof	 ﾠ136	 ﾠunits	 ﾠfrom	 ﾠ4	 ﾠmice,	 ﾠ103	 ﾠsignificantly	 ﾠchanged	 ﾠtheir	 ﾠfiring	 ﾠrates	 ﾠ(100/136	 ﾠ
excited,	 ﾠ3/136	 ﾠinhibited,	 ﾠp<0.05	 ﾠ2	 ﾠtailed	 ﾠt-ﾭ‐test	 ﾠon	 ﾠalternating	 ﾠtrials).	 ﾠThe	 ﾠpopulation	 ﾠfiring	 ﾠrate	 ﾠwas	 ﾠ
significantly	 ﾠincreased	 ﾠwith	 ﾠan	 ﾠaverage	 ﾠmodulation	 ﾠindex	 ﾠof	 ﾠ0.28	 ﾠ(Figure	 ﾠ2.3b;	 ﾠP<0.0001	 ﾠn=136	 ﾠunits,	 ﾠ
Wilcoxon	 ﾠMatched	 ﾠPairs	 ﾠsigned	 ﾠrank	 ﾠtest)	 ﾠcorresponding	 ﾠat	 ﾠan	 ﾠ~80%	 ﾠincrease	 ﾠ
	 ﾠ
2.3.5	 ﾠKinetics	 ﾠof	 ﾠstriatal	 ﾠmodulation	 ﾠof	 ﾠcortex	 ﾠ
	 ﾠ 	 ﾠModulation	 ﾠof	 ﾠcortex	 ﾠby	 ﾠchanges	 ﾠin	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivity	 ﾠrequires	 ﾠinhibition	 ﾠand	 ﾠdisinhibition	 ﾠ
in	 ﾠa	 ﾠpolysynaptic	 ﾠcircuit.	 ﾠ	 ﾠFurthermore,	 ﾠinteractions	 ﾠwithin	 ﾠthe	 ﾠBG	 ﾠand	 ﾠfrom	 ﾠthe	 ﾠBG	 ﾠto	 ﾠthalamus	 ﾠare	 ﾠ
mediated	 ﾠby	 ﾠspontaneously	 ﾠactive	 ﾠGABAergic	 ﾠprojection	 ﾠneurons.	 ﾠ	 ﾠTherefore,	 ﾠincreasing	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠa	 ﾠ
downstream	 ﾠstructure	 ﾠoccurs	 ﾠvia	 ﾠrelief	 ﾠof	 ﾠtonic	 ﾠinhibition,	 ﾠa	 ﾠprocess	 ﾠwhose	 ﾠkinetics	 ﾠis	 ﾠinherently	 ﾠlimited	 ﾠ
by	 ﾠthe	 ﾠmoderate	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠthe	 ﾠprojection	 ﾠneurons.	 ﾠ	 ﾠIn	 ﾠorder	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠdelay	 ﾠfrom	 ﾠalterations	 ﾠ
in	 ﾠstriatal	 ﾠactivity	 ﾠto	 ﾠmodulation	 ﾠof	 ﾠcortex,	 ﾠwe	 ﾠmeasured	 ﾠthe	 ﾠlatency	 ﾠfor	 ﾠsignificant	 ﾠalterations	 ﾠin	 ﾠactivity	 ﾠ
of	 ﾠhighly	 ﾠmodulated	 ﾠcortical	 ﾠunits	 ﾠfollowing	 ﾠlight	 ﾠtransitions	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠ(Figure	 ﾠ2.3d	 ﾠand	 ﾠSup	 ﾠFigure	 ﾠ
2.4).	 ﾠ	 ﾠ	 ﾠThe	 ﾠtime	 ﾠfor	 ﾠsignificant	 ﾠmodulation	 ﾠof	 ﾠeach	 ﾠunit	 ﾠvaried	 ﾠconsiderably	 ﾠbut	 ﾠwas	 ﾠon	 ﾠaverage	 ﾠfast	 ﾠ
(dSPN	 ﾠ123	 ﾠ±	 ﾠ7ms;	 ﾠiSPN	 ﾠ169	 ﾠ±	 ﾠ21).	 ﾠ	 ﾠThus,	 ﾠdespite	 ﾠlack	 ﾠof	 ﾠa	 ﾠdirect	 ﾠoutput	 ﾠfrom	 ﾠstriatum	 ﾠto	 ﾠcortex,	 ﾠthe	 ﾠ
effects	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠon	 ﾠcortex	 ﾠare	 ﾠboth	 ﾠlarge	 ﾠand	 ﾠrapid	 ﾠwith	 ﾠapproximately	 ﾠ2-ﾭ‐fold	 ﾠeffects	 ﾠ	 ﾠ
	 ﾠ
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engaged	 ﾠwithin	 ﾠ~200	 ﾠms.	 ﾠThis	 ﾠindicates	 ﾠthat	 ﾠascending	 ﾠthalamic	 ﾠinputs	 ﾠto	 ﾠcortex	 ﾠprovide	 ﾠa	 ﾠbasal	 ﾠdrive	 ﾠ
that	 ﾠunderlies	 ﾠcortical	 ﾠactivity	 ﾠand	 ﾠcan	 ﾠbe	 ﾠrapidly	 ﾠinhibited	 ﾠor	 ﾠdisinhibited	 ﾠby	 ﾠstriatal	 ﾠoutput.	 ﾠ	 ﾠ	 ﾠ
Immediately	 ﾠ following	 ﾠ ChR2-ﾭ‐activation	 ﾠ of	 ﾠ iSPNs	 ﾠ the	 ﾠ average	 ﾠ cortical	 ﾠ population	 ﾠ activity	 ﾠ
increased	 ﾠbriefly	 ﾠbefore	 ﾠdecreasing	 ﾠ(Figure	 ﾠ2.3c).	 ﾠ	 ﾠInspection	 ﾠof	 ﾠactivities	 ﾠof	 ﾠindividual	 ﾠunits	 ﾠrevealed	 ﾠ
that	 ﾠthis	 ﾠwas	 ﾠdue	 ﾠto	 ﾠa	 ﾠlarge,	 ﾠtransient	 ﾠincrease	 ﾠin	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠa	 ﾠsubset	 ﾠof	 ﾠcortical	 ﾠunits	 ﾠwhose	 ﾠactivity	 ﾠ
was	 ﾠaltered	 ﾠas	 ﾠquickly	 ﾠ(140	 ﾠ±	 ﾠ11	 ﾠms)	 ﾠfollowing	 ﾠiSPN	 ﾠactivation	 ﾠas	 ﾠthat	 ﾠof	 ﾠthe	 ﾠinhibited	 ﾠneurons.	 ﾠ	 ﾠTo	 ﾠ
quantify	 ﾠthis	 ﾠeffect	 ﾠand	 ﾠseparate	 ﾠthe	 ﾠtransiently	 ﾠup-ﾭ‐regulated	 ﾠunits,	 ﾠwe	 ﾠcalculated	 ﾠa	 ﾠmodulation	 ﾠindex	 ﾠ
Iearly	 ﾠcomparing	 ﾠthe	 ﾠaction	 ﾠpotential	 ﾠfiring	 ﾠrates	 ﾠ0.5	 ﾠs	 ﾠbefore	 ﾠand	 ﾠafter	 ﾠlaser	 ﾠactivation.	 ﾠUnits	 ﾠwith	 ﾠIearly	 ﾠ
>0.1	 ﾠ were	 ﾠ examined	 ﾠ separately	 ﾠ from	 ﾠ those	 ﾠ with	 ﾠ Iearly	 ﾠ <-ﾭ‐0.1	 ﾠ (Figure	 ﾠ 2.4a).	 ﾠ Units	 ﾠ with	 ﾠ a	 ﾠ positive	 ﾠ Iearly	 ﾠ
displayed	 ﾠa	 ﾠstrong	 ﾠexcitatory	 ﾠresponse	 ﾠto	 ﾠthe	 ﾠoffset	 ﾠof	 ﾠlight	 ﾠand	 ﾠwere	 ﾠfound	 ﾠin	 ﾠnearly	 ﾠall	 ﾠrecording	 ﾠ
sessions	 ﾠ(Figure	 ﾠ2.4a,	 ﾠSup	 ﾠFigure	 ﾠ3a).	 ﾠ	 ﾠFurthermore,	 ﾠacross	 ﾠthe	 ﾠpopulation	 ﾠthe	 ﾠvalues	 ﾠof	 ﾠIearly	 ﾠand	 ﾠIChR2	 ﾠfor	 ﾠ
each	 ﾠunit	 ﾠwere	 ﾠanti-ﾭ‐correlated	 ﾠ(Sup	 ﾠFigure	 ﾠ2.3b).	 ﾠ	 ﾠInterestingly,	 ﾠunits	 ﾠwith	 ﾠIearly	 ﾠ>	 ﾠ0.1	 ﾠdisplayed	 ﾠsimilar	 ﾠ
behavior	 ﾠat	 ﾠthe	 ﾠlight-ﾭ‐on	 ﾠand	 ﾠlight-ﾭ‐off	 ﾠtransitions	 ﾠ–	 ﾠunits	 ﾠwith	 ﾠtransient	 ﾠactivation	 ﾠat	 ﾠlight-ﾭ‐on	 ﾠwere	 ﾠalso	 ﾠ
transiently	 ﾠactivated	 ﾠat	 ﾠlight-ﾭ‐off.	 ﾠ	 ﾠNevertheless,	 ﾠthe	 ﾠlong-ﾭ‐term	 ﾠeffect	 ﾠof	 ﾠiSPN	 ﾠactivation	 ﾠon	 ﾠthese	 ﾠunits	 ﾠfit	 ﾠ
the	 ﾠclassic	 ﾠmodel	 ﾠwith	 ﾠdecreases	 ﾠand	 ﾠincreases	 ﾠin	 ﾠactivity	 ﾠat	 ﾠlong-ﾭ‐times	 ﾠ(>	 ﾠ500	 ﾠms)	 ﾠafter	 ﾠthe	 ﾠtransitions	 ﾠ
to	 ﾠlaser	 ﾠon	 ﾠand	 ﾠoff,	 ﾠrespectively.	 ﾠ	 ﾠ
Units	 ﾠwith	 ﾠpositive	 ﾠIearly	 ﾠwere	 ﾠfound	 ﾠat	 ﾠsignificantly	 ﾠshallower	 ﾠrecording	 ﾠsites	 ﾠthan	 ﾠthose	 ﾠwith	 ﾠ
negative	 ﾠIearly	 ﾠ(Iearly	 ﾠ>	 ﾠ0.1:	 ﾠ579	 ﾠ±	 ﾠ29	 ﾠµm,	 ﾠIearly	 ﾠ<-ﾭ‐0.1:	 ﾠ874	 ﾠ±	 ﾠ40	 ﾠµm.	 ﾠp<0.0001,	 ﾠMann	 ﾠWhitney	 ﾠtest.	 ﾠFigure	 ﾠ
2.4a).	 ﾠ 	 ﾠ Conversely,	 ﾠ separate	 ﾠ calculation	 ﾠ of	 ﾠ average	 ﾠ Iearly	 ﾠ for	 ﾠ units	 ﾠ at	 ﾠ shallow	 ﾠ (100-ﾭ‐750µm)	 ﾠ vs.	 ﾠ deep	 ﾠ
(>750µm)	 ﾠ recording	 ﾠ locations	 ﾠ results	 ﾠ in	 ﾠ Iearly	 ﾠ =	 ﾠ 0.19	 ﾠ and	 ﾠ -ﾭ‐0.12,	 ﾠ indicating	 ﾠ that	 ﾠ transient	 ﾠ activation	 ﾠ
following	 ﾠiSPN	 ﾠstimulation	 ﾠwas	 ﾠmore	 ﾠlikely	 ﾠfor	 ﾠsuperficial	 ﾠcortical	 ﾠunits	 ﾠthan	 ﾠfor	 ﾠthose	 ﾠin	 ﾠdeeper	 ﾠlayers.	 ﾠ	 ﾠ
Whereas	 ﾠa	 ﾠdifference	 ﾠin	 ﾠIearly	 ﾠwas	 ﾠreadily	 ﾠapparent	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠdepth	 ﾠfollowing	 ﾠiSPN	 ﾠactivation,	 ﾠno	 ﾠ
evidence	 ﾠ of	 ﾠ different	 ﾠ populations	 ﾠ was	 ﾠ observed	 ﾠ with	 ﾠ dSPN	 ﾠ activation	 ﾠ at	 ﾠ either	 ﾠ the	 ﾠ laser	 ﾠ on	 ﾠ or	 ﾠ off	 ﾠ	 ﾠ
	 ﾠ
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transitions	 ﾠ(Figure	 ﾠ2.4c,f;	 ﾠSup	 ﾠFigure	 ﾠ2.3d-ﾭ‐f).	 ﾠThis	 ﾠnon-ﾭ‐canonical	 ﾠeffect	 ﾠof	 ﾠiSPN	 ﾠmodulation	 ﾠcannot	 ﾠeasily	 ﾠ
be	 ﾠexplained	 ﾠvia	 ﾠlateral	 ﾠinhibition	 ﾠbetween	 ﾠpathways	 ﾠdue	 ﾠto	 ﾠits	 ﾠtransient	 ﾠnature	 ﾠand	 ﾠsymmetric	 ﾠlight-ﾭ‐on	 ﾠ
and	 ﾠlight-ﾭ‐off	 ﾠbehavior.	 ﾠ
	 ﾠ
Figure	 ﾠ2.4.	 ﾠDepth	 ﾠof	 ﾠUnits	 ﾠwith	 ﾠpositive	 ﾠIearly	 ﾠin	 ﾠDirect	 ﾠand	 ﾠIndirect	 ﾠpathway.	 ﾠ
A,	 ﾠiSPN	 ﾠactivation	 ﾠ(blue	 ﾠbar)	 ﾠinhibits	 ﾠsome	 ﾠunits	 ﾠ(top)	 ﾠand	 ﾠtransiently	 ﾠexcites	 ﾠothers	 ﾠ(bottom).	 ﾠThose	 ﾠunits	 ﾠthat	 ﾠ
showed	 ﾠtransient	 ﾠexcitation	 ﾠ(Iearly	 ﾠ>0.1)	 ﾠwere	 ﾠlocated	 ﾠshallower	 ﾠthan	 ﾠthose	 ﾠthat	 ﾠdid	 ﾠnot	 ﾠshow	 ﾠexcitation	 ﾠ(inset)	 ﾠ(Iearly	 ﾠ
>0.1:	 ﾠ579	 ﾠ±	 ﾠ29	 ﾠµm	 ﾠn=59	 ﾠunits,	 ﾠIearly	 ﾠ<-ﾭ‐0.1:	 ﾠ874	 ﾠ±	 ﾠ40	 ﾠµm	 ﾠn=63	 ﾠunits.	 ﾠp<0.0001,	 ﾠMann	 ﾠWhitney	 ﾠtest).	 ﾠ
B-ﾭ‐C,	 ﾠTransient	 ﾠexcitation	 ﾠby	 ﾠiSPN	 ﾠis	 ﾠmore	 ﾠprominent	 ﾠin	 ﾠshallow	 ﾠunits	 ﾠ(green),	 ﾠthan	 ﾠdeep	 ﾠunits	 ﾠ(red),	 ﾠbut	 ﾠno	 ﾠdepth-ﾭ‐
based	 ﾠdifferences	 ﾠin	 ﾠresponse	 ﾠdSPN	 ﾠactivation	 ﾠwere	 ﾠobserved.	 ﾠ	 ﾠ
D-ﾭ‐E,	 ﾠMean	 ﾠIearly	 ﾠby	 ﾠdepth	 ﾠis	 ﾠsignificantly	 ﾠdifferent	 ﾠwith	 ﾠiSPN	 ﾠactivation	 ﾠ(100-ﾭ‐750µm	 ﾠ0.19	 ﾠ±	 ﾠ0.05	 ﾠvs	 ﾠ>750µm	 ﾠ-ﾭ‐0.12	 ﾠ±	 ﾠ
0.03;	 ﾠp<0.0001,	 ﾠMann	 ﾠWhitney	 ﾠTest)	 ﾠbut	 ﾠnot	 ﾠchanged	 ﾠby	 ﾠdSPN	 ﾠactivation	 ﾠ(100-ﾭ‐750µm	 ﾠ0.30	 ﾠ±	 ﾠ0.03	 ﾠvs	 ﾠ>750µm	 ﾠ0.35	 ﾠ
±	 ﾠ0.03;	 ﾠn.s.	 ﾠMann	 ﾠWhitney	 ﾠTest).	 ﾠ
	 ﾠ
2.3.6	 ﾠState	 ﾠdependent	 ﾠeffects	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠon	 ﾠmotor	 ﾠcortex	 ﾠ	 ﾠ
	 ﾠ In	 ﾠorder	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠstriatal	 ﾠactivity	 ﾠon	 ﾠmotor	 ﾠcortex	 ﾠduring	 ﾠmovements,	 ﾠwe	 ﾠ
examined	 ﾠcortical	 ﾠactivity	 ﾠaround	 ﾠlever	 ﾠpresses	 ﾠcarried	 ﾠout	 ﾠin	 ﾠresponse	 ﾠto	 ﾠthe	 ﾠauditory	 ﾠcue	 ﾠfor	 ﾠreward	 ﾠor	 ﾠ
initiated	 ﾠspontaneously.	 ﾠ	 ﾠIn	 ﾠall	 ﾠmice	 ﾠthere	 ﾠwas	 ﾠsignificant	 ﾠactivation	 ﾠof	 ﾠcortical	 ﾠunits	 ﾠaround	 ﾠmovements	 ﾠ	 ﾠ
	 ﾠ
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and	 ﾠcues.	 ﾠ	 ﾠWe	 ﾠseparately	 ﾠconsidered	 ﾠthree	 ﾠperiods:	 ﾠ1,	 ﾠfailure	 ﾠtrials	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠanimal	 ﾠfailed	 ﾠto	 ﾠpress	 ﾠ
the	 ﾠlever	 ﾠwithin	 ﾠthe	 ﾠallotted	 ﾠreward	 ﾠtime	 ﾠand	 ﾠwith	 ﾠactivity	 ﾠaligned	 ﾠacross	 ﾠtrials	 ﾠby	 ﾠthe	 ﾠtime	 ﾠof	 ﾠthe	 ﾠtone	 ﾠ
onset;	 ﾠ 2,	 ﾠ success	 ﾠ trials	 ﾠ as	 ﾠ in	 ﾠ (1)	 ﾠ in	 ﾠ which	 ﾠ the	 ﾠ mouse	 ﾠ made	 ﾠ the	 ﾠ movement	 ﾠ in	 ﾠ the	 ﾠ allotted	 ﾠ time;	 ﾠ 3,	 ﾠ
spontaneous	 ﾠmovements	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠanimal	 ﾠpressed	 ﾠthe	 ﾠlever	 ﾠoutside	 ﾠof	 ﾠthe	 ﾠ1.5s	 ﾠreward	 ﾠwindow,	 ﾠthus	 ﾠ
in	 ﾠ a	 ﾠ time	 ﾠ well	 ﾠ separated	 ﾠ from	 ﾠ tones	 ﾠ or	 ﾠ rewards	 ﾠ and	 ﾠ aligned	 ﾠ across	 ﾠ trials	 ﾠ to	 ﾠ the	 ﾠ time	 ﾠ of	 ﾠ the	 ﾠ lever	 ﾠ
depression.	 ﾠ	 ﾠ	 ﾠ
Indirect	 ﾠ pathway	 ﾠ activation	 ﾠ reduced	 ﾠ the	 ﾠ firing	 ﾠ rate	 ﾠ of	 ﾠ units	 ﾠ during	 ﾠ the	 ﾠ 0.5s	 ﾠ around	 ﾠ a	 ﾠ
spontaneous	 ﾠpress	 ﾠ(3)	 ﾠor	 ﾠafter	 ﾠa	 ﾠfailure	 ﾠtrial	 ﾠ(2),	 ﾠ(Figure	 ﾠ2.5a,c,	 ﾠP<0.0001	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠ
rank	 ﾠtest).	 ﾠ	 ﾠ	 ﾠThe	 ﾠdegree	 ﾠof	 ﾠinhibition	 ﾠwas	 ﾠweaker	 ﾠat	 ﾠspontaneous	 ﾠpresses	 ﾠthan	 ﾠduring	 ﾠthe	 ﾠbaseline	 ﾠ
inhibition	 ﾠ(IChR2	 ﾠ=	 ﾠ-ﾭ‐0.31±0.02	 ﾠvs.	 ﾠIChR2	 ﾠduring	 ﾠpress	 ﾠ=	 ﾠ-ﾭ‐0.06±0.02,	 ﾠp<0.0001,	 ﾠKW	 ﾠstatistic:	 ﾠ512.7,	 ﾠKruskal-ﾭ‐Wallis	 ﾠ
test	 ﾠwith	 ﾠDunn’s	 ﾠMultiple	 ﾠComparison;	 ﾠ132/193	 ﾠunits	 ﾠinhibited	 ﾠbaseline	 ﾠvs.	 ﾠ47/193	 ﾠunits	 ﾠinhibited	 ﾠduring	 ﾠ
movement),	 ﾠbut	 ﾠunchanged	 ﾠduring	 ﾠfailure	 ﾠtrials	 ﾠ(IChR2	 ﾠduring	 ﾠfailure	 ﾠtrial	 ﾠ=	 ﾠ-ﾭ‐0.24±0.02,	 ﾠp>0.05,	 ﾠKruskal-ﾭ‐Wallis	 ﾠ
Test	 ﾠwith	 ﾠDunn’s	 ﾠMultiple	 ﾠComparison,	 ﾠ132/192	 ﾠunits	 ﾠinhibited	 ﾠbaseline	 ﾠvs.	 ﾠ118/193	 ﾠunits	 ﾠ inhibited	 ﾠ
during	 ﾠcue)	 ﾠ(Sup	 ﾠFigure	 ﾠ2.5a).	 ﾠ	 ﾠ
	 ﾠ Unlike	 ﾠthe	 ﾠindirect	 ﾠpathway	 ﾠand	 ﾠin	 ﾠstriking	 ﾠdifference	 ﾠto	 ﾠthe	 ﾠquiescent	 ﾠstate,	 ﾠdirect	 ﾠpathway	 ﾠ
activation	 ﾠhad	 ﾠno	 ﾠeffect	 ﾠon	 ﾠfiring	 ﾠrates	 ﾠduring	 ﾠspontaneous	 ﾠpresses	 ﾠand	 ﾠfail	 ﾠtrials	 ﾠ(Figure	 ﾠ2.5b,d,	 ﾠSup	 ﾠ
Figure	 ﾠ2.5b,	 ﾠ-ﾭ‐	 ﾠIChR2	 ﾠduring	 ﾠpress	 ﾠ=	 ﾠ0.02±0.02,	 ﾠIChR2	 ﾠduring	 ﾠfailure	 ﾠtrial	 ﾠ=	 ﾠ0.00±0.02	 ﾠlight	 ﾠindex	 ﾠduring	 ﾠfail	 ﾠtrial,	 ﾠn=136	 ﾠ
units.	 ﾠp>0.05.	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest).	 ﾠ	 ﾠThe	 ﾠlack	 ﾠof	 ﾠelevated	 ﾠfiring	 ﾠrates	 ﾠwas	 ﾠnot	 ﾠdue	 ﾠto	 ﾠ
a	 ﾠceiling	 ﾠeffect	 ﾠas	 ﾠthe	 ﾠfiring	 ﾠrates	 ﾠduring	 ﾠfailure	 ﾠtrials,	 ﾠwith	 ﾠor	 ﾠwithout	 ﾠlight,	 ﾠwere	 ﾠsignificantly	 ﾠless	 ﾠthan	 ﾠ
those	 ﾠduring	 ﾠspontaneous	 ﾠpresses	 ﾠand	 ﾠsuccess	 ﾠtrials	 ﾠ(Figure	 ﾠ2.5d;	 ﾠfailure	 ﾠtrial	 ﾠ14.8±1.8	 ﾠHz	 ﾠpress	 ﾠ22.6±2.4	 ﾠ
Hz,	 ﾠp<0.0001	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest).	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ2.5.	 ﾠ	 ﾠDifferential	 ﾠeffects	 ﾠof	 ﾠstriatal	 ﾠactivation	 ﾠacross	 ﾠbehavioral	 ﾠepochs.	 ﾠ	 ﾠ
A-ﾭ‐B,	 ﾠNormalized	 ﾠaverage	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠcortical	 ﾠunits	 ﾠ(top)	 ﾠaligned	 ﾠto	 ﾠeither	 ﾠthe	 ﾠtone	 ﾠ(t=0)	 ﾠfor	 ﾠtrials	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠ
mouse	 ﾠdid	 ﾠ(Success)	 ﾠor	 ﾠdid	 ﾠnot	 ﾠ(Failure)	 ﾠpress	 ﾠthe	 ﾠlever	 ﾠduring	 ﾠthe	 ﾠrewarded	 ﾠinterval	 ﾠor	 ﾠto	 ﾠthe	 ﾠdown	 ﾠlever	 ﾠpress	 ﾠ
(Uncued	 ﾠPress)	 ﾠfor	 ﾠspontaneous	 ﾠlever	 ﾠpresses	 ﾠoutside	 ﾠof	 ﾠthe	 ﾠtask	 ﾠperiod.	 ﾠ	 ﾠThe	 ﾠfiring	 ﾠrate	 ﾠof	 ﾠeach	 ﾠneuron	 ﾠwas	 ﾠ
normalized	 ﾠto	 ﾠthat	 ﾠin	 ﾠthe	 ﾠbaseline	 ﾠperiod	 ﾠ(1.5s	 ﾠprior	 ﾠto	 ﾠa	 ﾠtone).	 ﾠ	 ﾠUnits	 ﾠwere	 ﾠrejected	 ﾠfor	 ﾠanalysis	 ﾠif	 ﾠthere	 ﾠwere	 ﾠless	 ﾠ
than	 ﾠ30	 ﾠspikes	 ﾠin	 ﾠthe	 ﾠbaseline	 ﾠperiods	 ﾠfor	 ﾠthat	 ﾠclass	 ﾠof	 ﾠevent	 ﾠ(presses,	 ﾠsuccess	 ﾠtones,	 ﾠor	 ﾠfailure	 ﾠtones).	 ﾠ	 ﾠTrials	 ﾠwith	 ﾠ
optogenetic	 ﾠactivation	 ﾠof	 ﾠiSPNs	 ﾠ(A)	 ﾠor	 ﾠdSPNs	 ﾠ(B)	 ﾠare	 ﾠin	 ﾠblue	 ﾠand	 ﾠtrials	 ﾠwithout	 ﾠactivation	 ﾠare	 ﾠin	 ﾠgray.	 ﾠ	 ﾠShaded	 ﾠ
regions	 ﾠdisplay	 ﾠthe	 ﾠ±	 ﾠSEM.	 ﾠ	 ﾠbottom,	 ﾠIndividual	 ﾠunits’	 ﾠnormalized	 ﾠfiring	 ﾠrate	 ﾠpresented	 ﾠas	 ﾠa	 ﾠpseudocolored	 ﾠplot	 ﾠand	 ﾠ
ordered	 ﾠby	 ﾠthe	 ﾠpress	 ﾠor	 ﾠtone	 ﾠmodulation	 ﾠindex	 ﾠ(low	 ﾠto	 ﾠhigh),	 ﾠwithout	 ﾠ(left)	 ﾠor	 ﾠwith	 ﾠ(right)	 ﾠoptogenetic	 ﾠactivation.	 ﾠ	 ﾠ
C-ﾭ‐D,	 ﾠFiring	 ﾠrates	 ﾠof	 ﾠall	 ﾠunits	 ﾠduring	 ﾠthe	 ﾠ1.5s	 ﾠbaseline	 ﾠperiod,	 ﾠthe	 ﾠ+/-ﾭ‐250ms	 ﾠaround	 ﾠa	 ﾠpress,	 ﾠor	 ﾠthe	 ﾠ0.5s	 ﾠafter	 ﾠa	 ﾠTone	 ﾠ
(failure	 ﾠor	 ﾠsuccess),	 ﾠwith	 ﾠ(y-ﾭ‐axis)	 ﾠand	 ﾠwithout	 ﾠ(x-ﾭ‐axis)	 ﾠiSPN	 ﾠ(C)	 ﾠor	 ﾠdSPN	 ﾠ(D)	 ﾠoptoactivation	 ﾠare	 ﾠplotted.	 ﾠ	 ﾠError	 ﾠbars	 ﾠ
indicate	 ﾠ+/-ﾭ‐	 ﾠSEM.	 ﾠiSPN	 ﾠactivation	 ﾠ(C)	 ﾠdecreased	 ﾠfiring	 ﾠrates	 ﾠduring	 ﾠthe	 ﾠ1.5s	 ﾠbaseline	 ﾠ(9.62±1.0	 ﾠHz	 ﾠOff	 ﾠto	 ﾠ5.51±0.62	 ﾠ
Hz	 ﾠOn,	 ﾠn=193,	 ﾠP<0.0001	 ﾠWilcoxon	 ﾠmatched	 ﾠpairs	 ﾠsigned	 ﾠrank	 ﾠtest),	 ﾠ	 ﾠ0.5s	 ﾠafter	 ﾠa	 ﾠsuccess	 ﾠtrial	 ﾠ(15.96±1.5	 ﾠHz	 ﾠOff	 ﾠto	 ﾠ
14.35±1.3	 ﾠHz	 ﾠOn,	 ﾠn=153,	 ﾠP<0.01	 ﾠWilcoxon	 ﾠmatched	 ﾠpairs	 ﾠsigned	 ﾠrank	 ﾠtest),	 ﾠ0.5s	 ﾠafter	 ﾠa	 ﾠfailure	 ﾠtrial	 ﾠ(11.53±1.2	 ﾠHz	 ﾠ
Off	 ﾠto	 ﾠ6.77±0.72	 ﾠHz,	 ﾠn=193,	 ﾠP<0.0001	 ﾠWilcoxon	 ﾠmatched	 ﾠpairs	 ﾠsigned	 ﾠrank	 ﾠtest),	 ﾠand	 ﾠthe	 ﾠ0.5s	 ﾠaround	 ﾠan	 ﾠuncued	 ﾠ
press	 ﾠ(16.09±1.4Hz	 ﾠ	 ﾠOff	 ﾠto	 ﾠ13.64±1.2	 ﾠHz	 ﾠOn,	 ﾠn=179	 ﾠP<0.0001	 ﾠWilcoxon	 ﾠmatched	 ﾠpairs	 ﾠsigned	 ﾠrank	 ﾠtest).	 ﾠdSPN	 ﾠ
activation	 ﾠdid	 ﾠnot	 ﾠincrease	 ﾠfiring	 ﾠrates	 ﾠ0.5s	 ﾠafter	 ﾠsuccess	 ﾠtrials	 ﾠ(20.21±2.2Hz	 ﾠOff	 ﾠto	 ﾠ18.86±2.130Hz	 ﾠon,	 ﾠn=136,	 ﾠ
p=0.011	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest),	 ﾠ0.5s	 ﾠafter	 ﾠa	 ﾠfailure	 ﾠtrial	 ﾠ(14.81±1.8Hz	 ﾠOff	 ﾠto	 ﾠ14.68±1.8Hz	 ﾠOn,	 ﾠ
n=136,	 ﾠp>0.05	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest),	 ﾠand	 ﾠ0.5s	 ﾠaround	 ﾠan	 ﾠuncued	 ﾠpress	 ﾠ(20.30±2.2Hz	 ﾠOff	 ﾠto	 ﾠ
19.67±2.1Hz	 ﾠOn,	 ﾠn=136,	 ﾠp>0.05	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest)	 ﾠbut	 ﾠdid	 ﾠincrease	 ﾠthe	 ﾠ1.5s	 ﾠbaseline	 ﾠperiod	 ﾠ
(9.03±1.3Hz	 ﾠOff	 ﾠto	 ﾠ12.73±1.6Hz	 ﾠOn,	 ﾠn=136,	 ﾠp<0.0001	 ﾠWilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest).	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ
	 ﾠ
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To	 ﾠtest	 ﾠif	 ﾠthis	 ﾠdifference	 ﾠin	 ﾠthe	 ﾠpopulation	 ﾠlevel	 ﾠresponse	 ﾠof	 ﾠmotor	 ﾠcortex	 ﾠto	 ﾠactivation	 ﾠof	 ﾠiSPNs	 ﾠ
and	 ﾠdSPNs	 ﾠis	 ﾠalso	 ﾠreflected	 ﾠin	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠindividual	 ﾠneurons,	 ﾠwe	 ﾠcalculated	 ﾠa	 ﾠfiring	 ﾠrate	 ﾠmodulation	 ﾠ
index	 ﾠfor	 ﾠeach	 ﾠunit	 ﾠfor	 ﾠeach	 ﾠbehavioral	 ﾠepoch.	 ﾠ	 ﾠA	 ﾠspontaneous	 ﾠlever	 ﾠpress	 ﾠfiring	 ﾠrate	 ﾠmodulation	 ﾠindex	 ﾠ
(Ipress)	 ﾠwas	 ﾠcalculated	 ﾠas:	 ﾠ	 ﾠ
𝐼      =
𝑓       − 𝑓         
𝑓       + 𝑓         
	 ﾠ
with	 ﾠfpress	 ﾠbeing	 ﾠthe	 ﾠaverage	 ﾠfiring	 ﾠrate	 ﾠin	 ﾠa	 ﾠ±0.5	 ﾠsec	 ﾠinterval	 ﾠaround	 ﾠ	 ﾠthe	 ﾠpress	 ﾠand	 ﾠfbaseline	 ﾠthe	 ﾠaverage	 ﾠ
firing	 ﾠ rate	 ﾠ in	 ﾠ the	 ﾠ quiescent	 ﾠ period.	 ﾠ 	 ﾠ As	 ﾠ above,	 ﾠ this	 ﾠ index	 ﾠ ranged	 ﾠ between	 ﾠ -ﾭ‐1	 ﾠ and	 ﾠ +1	 ﾠ indicating,	 ﾠ
respectively,	 ﾠ all	 ﾠ activity	 ﾠ in	 ﾠ the	 ﾠ baseline	 ﾠ state	 ﾠ and	 ﾠ all	 ﾠ activity	 ﾠ in	 ﾠ the	 ﾠ peri-ﾭ‐press	 ﾠ period.	 ﾠ A	 ﾠ value	 ﾠ of	 ﾠ 0	 ﾠ
indicates	 ﾠno	 ﾠchange	 ﾠin	 ﾠaverage	 ﾠfiring	 ﾠrate	 ﾠat	 ﾠthe	 ﾠtime	 ﾠof	 ﾠspontaneous	 ﾠpresses.	 ﾠ	 ﾠSimilar	 ﾠIfail	 ﾠand	 ﾠIsuccess	 ﾠ
indices	 ﾠwere	 ﾠcalculated	 ﾠfor	 ﾠthe	 ﾠactivity	 ﾠin	 ﾠfailure	 ﾠand	 ﾠsuccess	 ﾠtrials,	 ﾠcomparing	 ﾠthe	 ﾠbaseline	 ﾠactivity	 ﾠto	 ﾠ
that	 ﾠin	 ﾠ0.5s	 ﾠperiod	 ﾠafter	 ﾠthe	 ﾠtone	 ﾠ(Ifail	 ﾠ=	 ﾠ0.04	 ﾠ±	 ﾠ0.02	 ﾠiSPN,	 ﾠIsuccess	 ﾠ=	 ﾠ0.22	 ﾠ±	 ﾠ0.02	 ﾠiSPN;	 ﾠIfail	 ﾠ=	 ﾠ0.32	 ﾠ±	 ﾠ0.02	 ﾠdSPN	 ﾠ
Isuccess	 ﾠ=	 ﾠ0.32	 ﾠ±	 ﾠ0.02	 ﾠdSPN;	 ﾠall	 ﾠsignificantly	 ﾠgreater	 ﾠthan	 ﾠno	 ﾠchange	 ﾠ(index	 ﾠ=0),	 ﾠp<0.05	 ﾠMann	 ﾠWhitney).	 ﾠ	 ﾠ	 ﾠAs	 ﾠ
expected	 ﾠ in	 ﾠ primary	 ﾠ motor	 ﾠ cortex,	 ﾠ individual	 ﾠ units	 ﾠ were	 ﾠ strongly	 ﾠ modulated	 ﾠ during	 ﾠ spontaneous	 ﾠ
presses,	 ﾠwith	 ﾠmost	 ﾠunits	 ﾠincreasing	 ﾠactivity	 ﾠ(average	 ﾠIpress=0.31±0.02	 ﾠiSPN,	 ﾠIpress=	 ﾠ0.45±	 ﾠ0.03	 ﾠdSPN;	 ﾠSup	 ﾠ
Figure	 ﾠ2.5c).	 ﾠ	 ﾠ
The	 ﾠeffects	 ﾠof	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠon	 ﾠthe	 ﾠactivity	 ﾠpatterns	 ﾠof	 ﾠindividual	 ﾠ
units	 ﾠin	 ﾠmotor	 ﾠcortex	 ﾠare	 ﾠcomplex.	 ﾠ	 ﾠIn	 ﾠthe	 ﾠsimplest	 ﾠinterpretation,	 ﾠthe	 ﾠmotor	 ﾠcharacterof	 ﾠindividual	 ﾠunits	 ﾠ
is	 ﾠunaffected	 ﾠby	 ﾠmanipulation	 ﾠof	 ﾠeach	 ﾠpathway	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠas	 ﾠin	 ﾠboth	 ﾠsets	 ﾠof	 ﾠexperiments	 ﾠthere	 ﾠwas	 ﾠ
a	 ﾠhigh	 ﾠdegree	 ﾠof	 ﾠcorrelation	 ﾠof	 ﾠIpress	 ﾠmeasured	 ﾠwithout	 ﾠand	 ﾠwith	 ﾠBG	 ﾠactivation	 ﾠ(Figure	 ﾠ2.6a)	 ﾠ(Spearman’s	 ﾠ
coefficient:	 ﾠ0.49	 ﾠiSPN,	 ﾠ0.83	 ﾠdSPN,	 ﾠp<0.0001).	 ﾠ	 ﾠThus,	 ﾠunits	 ﾠthat	 ﾠshowed	 ﾠsignificant	 ﾠchanges	 ﾠin	 ﾠactivity	 ﾠat	 ﾠ
the	 ﾠ time	 ﾠ of	 ﾠ spontaneous	 ﾠ presses	 ﾠ without	 ﾠ optogenetic	 ﾠ stimulation	 ﾠ continued	 ﾠ to	 ﾠ do	 ﾠ so	 ﾠ during	 ﾠ the	 ﾠ	 ﾠ
	 ﾠ
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stimulation.	 ﾠ	 ﾠFurthermore,	 ﾠIpress	 ﾠof	 ﾠindividual	 ﾠunits	 ﾠwas	 ﾠgenerally	 ﾠincreased	 ﾠby	 ﾠactivation	 ﾠof	 ﾠiSPN	 ﾠand	 ﾠ
decreased	 ﾠby	 ﾠactivation	 ﾠof	 ﾠdSPN,	 ﾠan	 ﾠeffect	 ﾠthat	 ﾠwas	 ﾠalso	 ﾠclear	 ﾠat	 ﾠthe	 ﾠpopulation	 ﾠlevel	 ﾠ(Sup	 ﾠFigure	 ﾠ2.5c-ﾭ‐d).	 ﾠ	 ﾠ	 ﾠ
Such	 ﾠchanges	 ﾠsuggest	 ﾠthat	 ﾠthe	 ﾠability	 ﾠof	 ﾠan	 ﾠideal	 ﾠobserver	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠonset	 ﾠof	 ﾠa	 ﾠspontaneous	 ﾠ
movement	 ﾠbased	 ﾠon	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠshould	 ﾠbe	 ﾠenhanced	 ﾠby	 ﾠactivation	 ﾠof	 ﾠiSPNs	 ﾠand	 ﾠ
degraded	 ﾠ by	 ﾠ activation	 ﾠ of	 ﾠ dSPNs,	 ﾠ an	 ﾠ effect	 ﾠ not	 ﾠ readily	 ﾠ predicted	 ﾠ by	 ﾠ classic	 ﾠ models	 ﾠ of	 ﾠ BG-ﾭ‐cortex	 ﾠ
interactions.	 ﾠ Indeed	 ﾠ a	 ﾠ simple	 ﾠ population	 ﾠ spike	 ﾠ count	 ﾠ threshold	 ﾠ model	 ﾠ revealed	 ﾠ such	 ﾠ effects	 ﾠ when	 ﾠ
analyzed	 ﾠby	 ﾠreceiver-ﾭ‐operator	 ﾠcharacteristics	 ﾠ(ROC).	 ﾠ	 ﾠIn	 ﾠthis	 ﾠmodel	 ﾠpresses	 ﾠare	 ﾠgenerated	 ﾠat	 ﾠperiods	 ﾠof	 ﾠ
high	 ﾠpopulation	 ﾠfiring	 ﾠabove	 ﾠa	 ﾠthreshold	 ﾠ(Figure	 ﾠ2.6b,	 ﾠsee	 ﾠMethods)	 ﾠwith	 ﾠno	 ﾠtime	 ﾠdependence.	 ﾠ	 ﾠThus,	 ﾠ
the	 ﾠtotal	 ﾠspike	 ﾠcount	 ﾠin	 ﾠeach	 ﾠtime	 ﾠbin	 ﾠis	 ﾠanalyzed	 ﾠindependently	 ﾠwithout	 ﾠhysteresis	 ﾠor	 ﾠrefractory	 ﾠperiods.	 ﾠ	 ﾠ
In	 ﾠthe	 ﾠbasal	 ﾠstate,	 ﾠthis	 ﾠmodel	 ﾠgenerated	 ﾠgood	 ﾠpredictions	 ﾠof	 ﾠmovement	 ﾠonset	 ﾠwith	 ﾠarea	 ﾠunder	 ﾠthe	 ﾠcurve	 ﾠ
(AUC)	 ﾠvalues	 ﾠof	 ﾠ0.83	 ﾠ±	 ﾠ0.02	 ﾠfor	 ﾠiSPN-ﾭ‐ChR2	 ﾠrecordings	 ﾠand	 ﾠ0.90	 ﾠ±	 ﾠ0.03	 ﾠfor	 ﾠdSPN-ﾭ‐ChR2	 ﾠrecordings.	 ﾠ	 ﾠAs	 ﾠ
predicted	 ﾠabove,	 ﾠupon	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠiSPNs	 ﾠAUC	 ﾠincreased	 ﾠin	 ﾠnearly	 ﾠevery	 ﾠrecording	 ﾠ(to	 ﾠ0.92	 ﾠ
±	 ﾠ 0.01	 ﾠ with	 ﾠ iSPN	 ﾠ activation	 ﾠ n=11	 ﾠ recordings,	 ﾠ p<0.01	 ﾠ Wilcoxon	 ﾠ matched	 ﾠ pairs	 ﾠ signed	 ﾠ rank	 ﾠ test).	 ﾠ	 ﾠ
Conversely,	 ﾠ upon	 ﾠ dSPN	 ﾠ activation	 ﾠ AUC	 ﾠ decreased	 ﾠ in	 ﾠ every	 ﾠ recording	 ﾠ (to	 ﾠ 0.81	 ﾠ ±	 ﾠ 0.04	 ﾠ with	 ﾠ dSPN	 ﾠ
activation,	 ﾠn=9	 ﾠrecordings,	 ﾠp<0.001,	 ﾠWilcoxon	 ﾠmatched	 ﾠpairs	 ﾠsigned	 ﾠrank	 ﾠtest;	 ﾠFigure	 ﾠ2.6c-ﾭ‐d).	 ﾠ
	 ﾠ Given	 ﾠthe	 ﾠobserved	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠfiring	 ﾠproperties	 ﾠin	 ﾠmotor	 ﾠcortex,	 ﾠwe	 ﾠexamined	 ﾠthe	 ﾠ
possibility	 ﾠthat	 ﾠBG	 ﾠexert	 ﾠselective	 ﾠcontrol	 ﾠover	 ﾠcertain	 ﾠfunctionally	 ﾠrelevant	 ﾠcells	 ﾠin	 ﾠmotor	 ﾠcortex.	 ﾠWe	 ﾠ
compared	 ﾠmodulation	 ﾠof	 ﾠfiring	 ﾠby	 ﾠpress	 ﾠ(Ipress)	 ﾠto	 ﾠthat	 ﾠunit’s	 ﾠmodulation	 ﾠby	 ﾠBG	 ﾠactivation	 ﾠ(IChR2).	 ﾠWe	 ﾠfind	 ﾠ
that	 ﾠthe	 ﾠdegree	 ﾠof	 ﾠmodulation	 ﾠof	 ﾠeach	 ﾠunit	 ﾠby	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠiSPNs	 ﾠwas	 ﾠnot	 ﾠpredictive	 ﾠof	 ﾠthe	 ﾠdegree	 ﾠof	 ﾠ
modulation	 ﾠof	 ﾠthe	 ﾠunit	 ﾠby	 ﾠspontaneous	 ﾠmovements	 ﾠ–	 ﾠIpress	 ﾠand	 ﾠIChR2	 ﾠshowed	 ﾠno	 ﾠcorrelation	 ﾠ(Figure	 ﾠ2.7a,	 ﾠ
Spearman’s	 ﾠCoef:	 ﾠ-ﾭ‐0.003	 ﾠn.s.).	 ﾠ	 ﾠIn	 ﾠcontrast,	 ﾠactivation	 ﾠof	 ﾠdSPNs	 ﾠincreased	 ﾠthe	 ﾠbasal	 ﾠactivity	 ﾠof	 ﾠneurons	 ﾠin	 ﾠ
primary	 ﾠmotor	 ﾠcortex	 ﾠthat	 ﾠwere	 ﾠmore	 ﾠactive	 ﾠat	 ﾠthe	 ﾠtime	 ﾠof	 ﾠthe	 ﾠpress.	 ﾠ	 ﾠThe	 ﾠrelationship	 ﾠbetween	 ﾠIpress	 ﾠand	 ﾠ
IChR2	 ﾠ for	 ﾠ activation	 ﾠ of	 ﾠ dSPNs	 ﾠ displayed	 ﾠ remarkable	 ﾠ correlation	 ﾠ with	 ﾠ R=0.71	 ﾠ (Figure	 ﾠ 2.7b,	 ﾠ p<0.01	 ﾠ	 ﾠ
	 ﾠ
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Spearman’s).	 ﾠThis	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠmotor	 ﾠcortex	 ﾠneurons	 ﾠmost	 ﾠsensitive	 ﾠto	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠiSPNs	 ﾠare	 ﾠnot	 ﾠ
the	 ﾠsame	 ﾠas	 ﾠthose	 ﾠmost	 ﾠhighly	 ﾠregulated	 ﾠby	 ﾠdSPN	 ﾠactivity.	 ﾠ
	 ﾠ
Figure	 ﾠ2.6.	 ﾠBidirectional	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠencoding	 ﾠof	 ﾠinformation	 ﾠin	 ﾠcortex.	 ﾠ	 ﾠ
A,	 ﾠindex	 ﾠof	 ﾠmodulation	 ﾠto	 ﾠpresses	 ﾠduring	 ﾠpresses	 ﾠ(±250ms	 ﾠaround	 ﾠa	 ﾠtone	 ﾠto	 ﾠ1.5s	 ﾠbaseline)	 ﾠwith	 ﾠand	 ﾠwithout	 ﾠiSPN	 ﾠ
(left)	 ﾠand	 ﾠdSPN	 ﾠ(right)	 ﾠactivation	 ﾠare	 ﾠstrongly	 ﾠcorrelated	 ﾠin	 ﾠeach	 ﾠcondition	 ﾠ(p<0.0001;	 ﾠSpearman’s	 ﾠCorrelation	 ﾠ0.488	 ﾠ
iSPN	 ﾠn=193	 ﾠunits;	 ﾠSpearman’s	 ﾠcorrelation	 ﾠ0.830	 ﾠdSPN	 ﾠn=136	 ﾠunits).	 ﾠ
B,	 ﾠSignal	 ﾠto	 ﾠnoise	 ﾠwas	 ﾠmeasured	 ﾠby	 ﾠperforming	 ﾠreceiver	 ﾠoperant	 ﾠcharacteristics	 ﾠon	 ﾠthe	 ﾠsummed	 ﾠactivity	 ﾠfrom	 ﾠunits	 ﾠ
recorded	 ﾠon	 ﾠone	 ﾠrecording	 ﾠsession.	 ﾠActivity	 ﾠabove	 ﾠan	 ﾠarbitrary	 ﾠthreshold	 ﾠ(grey	 ﾠline)	 ﾠwas	 ﾠconsidered	 ﾠa	 ﾠpredicted	 ﾠ
press,	 ﾠif	 ﾠan	 ﾠactual	 ﾠpress	 ﾠwas	 ﾠdetected	 ﾠit	 ﾠwas	 ﾠrecorded	 ﾠas	 ﾠa	 ﾠ‘True	 ﾠPositive’	 ﾠ	 ﾠ(green	 ﾠline	 ﾠand	 ﾠbin)	 ﾠand	 ﾠif	 ﾠno	 ﾠpress	 ﾠwas	 ﾠ
detected	 ﾠ it	 ﾠ was	 ﾠ categorized	 ﾠ as	 ﾠ a	 ﾠ ‘False	 ﾠ Positive’	 ﾠ (red	 ﾠ bins).	 ﾠ The	 ﾠ schematic	 ﾠ (B)	 ﾠ shows	 ﾠ 7.5s	 ﾠ using	 ﾠ a	 ﾠ threshold	 ﾠ
indicated	 ﾠby	 ﾠthe	 ﾠgrey	 ﾠarrow	 ﾠin	 ﾠ(D).	 ﾠ	 ﾠ
C-ﾭ‐D,	 ﾠEvery	 ﾠpotential	 ﾠthreshold	 ﾠfrom	 ﾠ0	 ﾠto	 ﾠthe	 ﾠmaximum	 ﾠfiring	 ﾠrate	 ﾠfor	 ﾠa	 ﾠsingle	 ﾠrecording	 ﾠsession	 ﾠis	 ﾠexamined	 ﾠand	 ﾠthe	 ﾠ
corresponding	 ﾠtrue	 ﾠpositive	 ﾠand	 ﾠfalse	 ﾠpositive	 ﾠrate	 ﾠfor	 ﾠeach	 ﾠthreshold	 ﾠis	 ﾠplotted	 ﾠ(right)	 ﾠin	 ﾠcontrol	 ﾠconditions	 ﾠ(black	 ﾠ
circles)	 ﾠand	 ﾠwith	 ﾠiSPN	 ﾠ(C)	 ﾠor	 ﾠdSPN	 ﾠ(D)	 ﾠactivation	 ﾠ(blue	 ﾠcircles).	 ﾠ	 ﾠ(left)	 ﾠArea	 ﾠunder	 ﾠeach	 ﾠcurve	 ﾠ(AUC)	 ﾠis	 ﾠdisplayed	 ﾠwith	 ﾠ
and	 ﾠ without	 ﾠ iSPN	 ﾠ (C)	 ﾠ and	 ﾠ dPSN(D)	 ﾠ activation.	 ﾠ iSPN	 ﾠ activation	 ﾠ increases	 ﾠ signal	 ﾠ to	 ﾠ noise	 ﾠ (0.79±0.022	 ﾠ AUC	 ﾠ OFF,	 ﾠ
0.87±0.026	 ﾠAUC	 ﾠON;	 ﾠP<0.01	 ﾠwilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠtest,	 ﾠN=11	 ﾠrecordings,	 ﾠC)	 ﾠwhereas	 ﾠdSPN	 ﾠactivation	 ﾠ
reduced	 ﾠsignal	 ﾠto	 ﾠnoise	 ﾠ(0.91±0.029	 ﾠAUC	 ﾠOFF,	 ﾠ0.81±0.040	 ﾠAUC	 ﾠON;	 ﾠP<0.01	 ﾠwilcoxon	 ﾠmatched-ﾭ‐pairs	 ﾠsigned	 ﾠrank	 ﾠ
test,	 ﾠN=9	 ﾠrecordings,	 ﾠD).	 ﾠ
	 ﾠ 	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ2.7.	 ﾠ	 ﾠPathways	 ﾠaffect	 ﾠdifferentially	 ﾠaffect	 ﾠdifferent	 ﾠpopulations	 ﾠof	 ﾠunits	 ﾠin	 ﾠcortex.	 ﾠ	 ﾠ
A-ﾭ‐B,	 ﾠThe	 ﾠpress	 ﾠindex	 ﾠis	 ﾠnot	 ﾠcorrelated	 ﾠto	 ﾠthe	 ﾠbaseline	 ﾠindex	 ﾠof	 ﾠmodulation	 ﾠduring	 ﾠiSPN	 ﾠactivation	 ﾠ(A,	 ﾠp>0.05;	 ﾠn=193	 ﾠ
units;	 ﾠSpearman’s	 ﾠCorrelation	 ﾠ-ﾭ‐0.003)	 ﾠbut	 ﾠis	 ﾠhighly	 ﾠcorrelated	 ﾠduring	 ﾠdSPN	 ﾠactivation	 ﾠ(B,	 ﾠp<0.0001;	 ﾠn=136	 ﾠunits;	 ﾠ
Spearman’s	 ﾠCorrelation	 ﾠ0.710).	 ﾠ	 ﾠ
	 ﾠ
2.4	 ﾠDiscussion	 ﾠ
Here	 ﾠwe	 ﾠpresent	 ﾠa	 ﾠdirect	 ﾠexamination	 ﾠof	 ﾠthe	 ﾠcircuit	 ﾠlevel	 ﾠinteractions	 ﾠbetween	 ﾠbasal	 ﾠganglia	 ﾠand	 ﾠ
cortex,	 ﾠ focusing	 ﾠ on	 ﾠ the	 ﾠ effects	 ﾠ of	 ﾠ direct	 ﾠ and	 ﾠ indirect	 ﾠ pathway	 ﾠ activation	 ﾠ in	 ﾠ the	 ﾠ dorsal	 ﾠ striatum	 ﾠ on	 ﾠ
primary	 ﾠmotor	 ﾠcortex.	 ﾠ	 ﾠAnalyses	 ﾠwere	 ﾠcarried	 ﾠout	 ﾠin	 ﾠhead-ﾭ‐restrained	 ﾠbehaving	 ﾠmice	 ﾠcarrying	 ﾠout	 ﾠa	 ﾠsimple	 ﾠ
cued	 ﾠ motor	 ﾠ action	 ﾠ for	 ﾠ water	 ﾠ reward.	 ﾠ 	 ﾠ To	 ﾠ the	 ﾠ best	 ﾠ of	 ﾠ our	 ﾠ knowledge,	 ﾠ this	 ﾠ is	 ﾠ the	 ﾠ first	 ﾠ functional	 ﾠ
determination	 ﾠof	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠstriatum	 ﾠactivity	 ﾠon	 ﾠmotor	 ﾠcortex	 ﾠin	 ﾠa	 ﾠbehaving	 ﾠanimal	 ﾠand,	 ﾠas	 ﾠsuch,	 ﾠ
provides	 ﾠan	 ﾠinitial	 ﾠtest	 ﾠof	 ﾠbasic	 ﾠtenets	 ﾠof	 ﾠclassic	 ﾠmodels	 ﾠof	 ﾠBG	 ﾠfunction.	 ﾠ	 ﾠOur	 ﾠresults	 ﾠdemonstrate	 ﾠthat	 ﾠ
striatum	 ﾠcan	 ﾠexert	 ﾠrapid	 ﾠcontrol	 ﾠover	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠthat	 ﾠis	 ﾠpowerful,	 ﾠdynamic,	 ﾠand	 ﾠdependent	 ﾠon	 ﾠ
the	 ﾠbehavioral	 ﾠstate.	 ﾠ	 ﾠWe	 ﾠfind	 ﾠopposing	 ﾠeffects	 ﾠof	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠon	 ﾠbasal	 ﾠactivity	 ﾠin	 ﾠ
primary	 ﾠmotor	 ﾠcortex	 ﾠwhen	 ﾠthe	 ﾠanimal	 ﾠis	 ﾠnot	 ﾠmoving	 ﾠand	 ﾠnot	 ﾠactively	 ﾠexecuting	 ﾠa	 ﾠtask.	 ﾠ	 ﾠThus,	 ﾠat	 ﾠsteady	 ﾠ
state,	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠindirect	 ﾠand	 ﾠdirect	 ﾠpathway	 ﾠsuppresses	 ﾠand	 ﾠenhances,	 ﾠrespectively,	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠ
units	 ﾠin	 ﾠmotor	 ﾠcortex,	 ﾠconsistent	 ﾠwith	 ﾠclassic	 ﾠmodels	 ﾠof	 ﾠBG/cortical	 ﾠinteractions.	 ﾠ	 ﾠHowever,	 ﾠthe	 ﾠeffects	 ﾠ	 ﾠ
	 ﾠ
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are	 ﾠ more	 ﾠ complex	 ﾠ during	 ﾠ movements	 ﾠ or	 ﾠ behaviorally	 ﾠ relevant	 ﾠ cues,	 ﾠ revealing	 ﾠ dynamical	 ﾠ and	 ﾠ non-ﾭ‐
opposing	 ﾠeffects	 ﾠof	 ﾠiSPNs	 ﾠand	 ﾠdSPNs	 ﾠon	 ﾠcortical	 ﾠactivity.	 ﾠ	 ﾠ
	 ﾠ
2.4.1	 ﾠExperimental	 ﾠapproach	 ﾠ
To	 ﾠ address	 ﾠ gaps	 ﾠ in	 ﾠ our	 ﾠ understanding	 ﾠ of	 ﾠ interactions	 ﾠ between	 ﾠ BG	 ﾠ and	 ﾠ cortex,	 ﾠ we	 ﾠ made	 ﾠ
recordings	 ﾠfrom	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠwhile	 ﾠoptogenetically	 ﾠexciting	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠof	 ﾠ
the	 ﾠBG	 ﾠin	 ﾠan	 ﾠawake	 ﾠand	 ﾠbehaving	 ﾠmouse.	 ﾠ	 ﾠOur	 ﾠgoal	 ﾠwas	 ﾠnot	 ﾠto	 ﾠperform	 ﾠa	 ﾠbehavioral	 ﾠstudy	 ﾠof	 ﾠthe	 ﾠeffects	 ﾠ
of	 ﾠBG	 ﾠon	 ﾠtask	 ﾠperformance,	 ﾠbut	 ﾠrather	 ﾠto	 ﾠstudy	 ﾠcircuit-ﾭ‐level	 ﾠinteractions	 ﾠin	 ﾠa	 ﾠphysiologically	 ﾠrelevant	 ﾠ
non-ﾭ‐anesthetized	 ﾠstate.	 ﾠ	 ﾠAs	 ﾠdorsal	 ﾠstriatum	 ﾠis	 ﾠengaged	 ﾠin	 ﾠgoal	 ﾠdirected	 ﾠmovements	 ﾠ(Thorn	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠ
Balleine	 ﾠet	 ﾠal.	 ﾠ2007),	 ﾠwe	 ﾠimplemented	 ﾠa	 ﾠsimple	 ﾠmotor	 ﾠaction	 ﾠbased	 ﾠoperant	 ﾠconditioning	 ﾠtask.	 ﾠ	 ﾠWe	 ﾠ
intentionally	 ﾠdid	 ﾠnot	 ﾠtrain	 ﾠthe	 ﾠmice	 ﾠto	 ﾠideal	 ﾠperformance	 ﾠsince	 ﾠcomparison	 ﾠof	 ﾠquiescent	 ﾠperiods,	 ﾠsuccess	 ﾠ
trials,	 ﾠfailure	 ﾠtrials	 ﾠand	 ﾠspontaneous	 ﾠactions	 ﾠallow	 ﾠanalysis	 ﾠof	 ﾠthe	 ﾠcircuit	 ﾠin	 ﾠa	 ﾠvariety	 ﾠof	 ﾠbehavioral	 ﾠstates.	 ﾠ	 ﾠ
As	 ﾠsynchronous	 ﾠactivity	 ﾠof	 ﾠstriatum	 ﾠcan	 ﾠbe	 ﾠa	 ﾠhallmark	 ﾠof	 ﾠdisease	 ﾠ(Brown	 ﾠ2007),	 ﾠwe	 ﾠand	 ﾠother	 ﾠgroups	 ﾠ
(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠFreeze	 ﾠet	 ﾠal.	 ﾠ2013)	 ﾠused	 ﾠsteady	 ﾠstate	 ﾠlow-ﾭ‐power	 ﾠillumination	 ﾠto	 ﾠactivate	 ﾠstriatal	 ﾠ
neurons,	 ﾠ avoiding	 ﾠ brief	 ﾠ trains	 ﾠ of	 ﾠ intense	 ﾠ illumination	 ﾠ that	 ﾠ synchronize	 ﾠ SPN	 ﾠ firing.	 ﾠ 	 ﾠ Furthermore,	 ﾠ by	 ﾠ
alternating	 ﾠtrials	 ﾠwith	 ﾠand	 ﾠwithout	 ﾠoptogenetic	 ﾠstimulation	 ﾠwe	 ﾠminimize	 ﾠpotential	 ﾠsources	 ﾠof	 ﾠerror	 ﾠdue	 ﾠ
to	 ﾠdifference	 ﾠbetween	 ﾠanimals	 ﾠor	 ﾠgenetic	 ﾠbackgrounds.	 ﾠ	 ﾠ
	 ﾠ
2.4.2	 ﾠBehavioral	 ﾠeffects	 ﾠ
Consistent	 ﾠwith	 ﾠpro-ﾭ‐kinetic	 ﾠand	 ﾠanti-ﾭ‐kinetic	 ﾠeffects,	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠdisplayed	 ﾠopposite	 ﾠ
~3	 ﾠ fold	 ﾠ changes	 ﾠ in	 ﾠ spontaneous	 ﾠ lever	 ﾠ press	 ﾠ frequencies,	 ﾠ and	 ﾠ iSPN	 ﾠ activation	 ﾠ increased	 ﾠ level	 ﾠ press	 ﾠ
durations,	 ﾠas	 ﾠexpected	 ﾠfrom	 ﾠfreezing	 ﾠlike	 ﾠbehavior(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010).	 ﾠ	 ﾠSimilarly,	 ﾠcued	 ﾠlever	 ﾠpress	 ﾠrates	 ﾠ	 ﾠ
	 ﾠ
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are	 ﾠbidirectionally	 ﾠmodulated	 ﾠby	 ﾠthe	 ﾠtwo	 ﾠpathways.	 ﾠ	 ﾠThus,	 ﾠa	 ﾠtrained	 ﾠmotor	 ﾠaction	 ﾠ(i.e.	 ﾠlever	 ﾠpress)	 ﾠ
carried	 ﾠout	 ﾠeither	 ﾠspontaneously	 ﾠwithout	 ﾠreward	 ﾠor	 ﾠcued	 ﾠfor	 ﾠreward	 ﾠis	 ﾠpromoted	 ﾠby	 ﾠdSPN	 ﾠactivity	 ﾠand	 ﾠ
inhibited	 ﾠ by	 ﾠ iSPN	 ﾠ activity	 ﾠ in	 ﾠ the	 ﾠ mouse.	 ﾠ 	 ﾠ Such	 ﾠ effects	 ﾠ are	 ﾠ often	 ﾠ described	 ﾠ as	 ﾠ pro-ﾭ‐	 ﾠ and	 ﾠ anti-ﾭ‐kinetic,	 ﾠ
respectively,	 ﾠand	 ﾠare	 ﾠconsistent	 ﾠwith	 ﾠclassic	 ﾠmodels	 ﾠof	 ﾠdirect/indirect	 ﾠpathway	 ﾠfunctions	 ﾠ(Albin	 ﾠet	 ﾠal.	 ﾠ
1989),	 ﾠrecent	 ﾠmanipulations	 ﾠin	 ﾠmice	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠBateup	 ﾠet	 ﾠal.	 ﾠ2010),	 ﾠand	 ﾠtheories	 ﾠof	 ﾠincreased	 ﾠ
indirect	 ﾠpathway	 ﾠactivity	 ﾠunderlying	 ﾠfreezing	 ﾠbehavior	 ﾠin	 ﾠParkinson’s	 ﾠdisease	 ﾠ(Albin	 ﾠet	 ﾠal.	 ﾠ1989).	 ﾠ	 ﾠOn	 ﾠthe	 ﾠ
other	 ﾠhand,	 ﾠthese	 ﾠresults	 ﾠare	 ﾠalso	 ﾠconsistent	 ﾠwith	 ﾠmodels	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠindirect	 ﾠpathway	 ﾠdoes	 ﾠnot	 ﾠserve	 ﾠa	 ﾠ
“no-ﾭ‐go”	 ﾠtype	 ﾠfunction	 ﾠbut	 ﾠis	 ﾠinstead	 ﾠimportant	 ﾠfor	 ﾠswitching	 ﾠbetween	 ﾠmotor	 ﾠactions.	 ﾠ	 ﾠOur	 ﾠresults	 ﾠare	 ﾠ
consistent	 ﾠwith	 ﾠboth	 ﾠinterpretations	 ﾠsince	 ﾠour	 ﾠanalysis	 ﾠis	 ﾠof	 ﾠa	 ﾠsingle	 ﾠbehavior	 ﾠcarried	 ﾠout	 ﾠfrom	 ﾠa	 ﾠresting	 ﾠ
state	 ﾠsuch	 ﾠthat	 ﾠaction	 ﾠinitiation	 ﾠis	 ﾠequally	 ﾠwell	 ﾠdescribed	 ﾠas	 ﾠa	 ﾠgo/no-ﾭ‐go	 ﾠtransition	 ﾠor	 ﾠas	 ﾠa	 ﾠtransition	 ﾠ
between	 ﾠmotor	 ﾠstates.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
2.4.3	 ﾠClassic	 ﾠcircuit	 ﾠmodels	 ﾠ
The	 ﾠclassic	 ﾠmodel	 ﾠof	 ﾠthe	 ﾠBG	 ﾠwas	 ﾠdeveloped	 ﾠfrom	 ﾠanatomical	 ﾠstudies	 ﾠlinking	 ﾠthe	 ﾠnuclei	 ﾠof	 ﾠthe	 ﾠBG	 ﾠ
to	 ﾠthalamus	 ﾠand	 ﾠcortex,	 ﾠrevealing	 ﾠa	 ﾠcortex-ﾭ‐basal	 ﾠganglia-ﾭ‐thalamus-ﾭ‐cortex	 ﾠloop	 ﾠ(Alexander	 ﾠ&	 ﾠCrutcher	 ﾠ
1990;	 ﾠ DeLong	 ﾠ 1990)	 ﾠ and	 ﾠ refined	 ﾠ by	 ﾠ identification	 ﾠ of	 ﾠ neurotransmitters	 ﾠ and	 ﾠ molecular	 ﾠ markers	 ﾠ in	 ﾠ
striatopallidal	 ﾠand	 ﾠstriatonigral	 ﾠneurons	 ﾠ(Gerfen	 ﾠet	 ﾠal.	 ﾠ1990).	 ﾠ	 ﾠThese	 ﾠcircuit	 ﾠmodels	 ﾠpropose	 ﾠthat	 ﾠthe	 ﾠ
output	 ﾠof	 ﾠthe	 ﾠBG	 ﾠis	 ﾠvia	 ﾠinhibition	 ﾠand	 ﾠdisinhibition	 ﾠof	 ﾠthalamic	 ﾠnuclei	 ﾠwhose	 ﾠcortical	 ﾠprojections	 ﾠmediate	 ﾠ
subsequent	 ﾠdown-ﾭ‐	 ﾠand	 ﾠup-ﾭ‐regulation	 ﾠof	 ﾠcortex	 ﾠactivity	 ﾠ(Deniau	 ﾠ&	 ﾠChevalier	 ﾠ1985).	 ﾠThus,	 ﾠthe	 ﾠpro-ﾭ‐kinetic	 ﾠ
and	 ﾠanti-ﾭ‐kinetic	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathway	 ﾠare	 ﾠthought	 ﾠto	 ﾠbe	 ﾠvia	 ﾠthe	 ﾠenhancement	 ﾠ
(direct)	 ﾠor	 ﾠsuppression	 ﾠ(indirect)	 ﾠof	 ﾠactivity	 ﾠin	 ﾠa	 ﾠrecurrent	 ﾠcortex-ﾭ‐basal	 ﾠganglia-ﾭ‐thalamus	 ﾠloop.	 ﾠ	 ﾠ	 ﾠ
During	 ﾠperiods	 ﾠwhen	 ﾠthe	 ﾠanimal	 ﾠis	 ﾠwaiting	 ﾠwithout	 ﾠmovements	 ﾠfor	 ﾠthe	 ﾠgo	 ﾠcue,	 ﾠactivation	 ﾠof	 ﾠ
dSPNs	 ﾠand	 ﾠiSPNs	 ﾠincrease	 ﾠand	 ﾠdecrease,	 ﾠrespectively,	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠprimary	 ﾠmotor	 ﾠcortex.	 ﾠ	 ﾠThese	 ﾠeffects	 ﾠ	 ﾠ
	 ﾠ
36	 ﾠ
are	 ﾠstrong	 ﾠ(up	 ﾠand	 ﾠdown	 ﾠ~2	 ﾠfold	 ﾠmodulation),	 ﾠwidespread	 ﾠ(~2/3	 ﾠunits	 ﾠshowing	 ﾠsignificant	 ﾠmodulation),	 ﾠ
and	 ﾠconsistent	 ﾠwith	 ﾠpredicted	 ﾠantagonist	 ﾠeffects	 ﾠof	 ﾠeach	 ﾠstriatal	 ﾠpathway	 ﾠon	 ﾠcortex.	 ﾠ	 ﾠ	 ﾠThese	 ﾠeffects	 ﾠare	 ﾠ
as	 ﾠpredicted	 ﾠby	 ﾠclassic	 ﾠmodels	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠdirect	 ﾠpathway	 ﾠenhances	 ﾠactivity	 ﾠin	 ﾠthe	 ﾠrecurrent	 ﾠloop	 ﾠand	 ﾠ
facilitates	 ﾠmotor	 ﾠaction	 ﾠinitiation,	 ﾠand	 ﾠthe	 ﾠindirect	 ﾠpathway	 ﾠhas	 ﾠopposite	 ﾠeffects.	 ﾠ	 ﾠThus,	 ﾠin	 ﾠthe	 ﾠsimplest	 ﾠ
analysis	 ﾠand	 ﾠwhen	 ﾠcoupled	 ﾠwith	 ﾠthe	 ﾠbehavioral	 ﾠeffects	 ﾠdescribed	 ﾠabove,	 ﾠour	 ﾠresults	 ﾠsupport	 ﾠthe	 ﾠclassic	 ﾠ
model	 ﾠ of	 ﾠ BG	 ﾠ function.	 ﾠ In	 ﾠ addition,	 ﾠ by	 ﾠ revealing	 ﾠ effects	 ﾠ in	 ﾠ an	 ﾠ upstream	 ﾠ area	 ﾠ (cortex)	 ﾠ caused	 ﾠ by	 ﾠ
manipulated	 ﾠactivity	 ﾠin	 ﾠa	 ﾠdownstream	 ﾠarea	 ﾠ(striatum),	 ﾠthis	 ﾠmarks	 ﾠthe	 ﾠfirst	 ﾠfunctional	 ﾠdemonstration	 ﾠof	 ﾠ
the	 ﾠrecurrent	 ﾠnature	 ﾠof	 ﾠthe	 ﾠBG-ﾭ‐cortex	 ﾠcircuitry.	 ﾠ
In	 ﾠaddition,	 ﾠour	 ﾠresults	 ﾠprovide	 ﾠevidence	 ﾠfor	 ﾠunderlying	 ﾠassumptions	 ﾠabout	 ﾠactivity	 ﾠin	 ﾠthe	 ﾠcortex-ﾭ‐
basal	 ﾠganglia-ﾭ‐thalamus	 ﾠrecurrent	 ﾠloop	 ﾠthat	 ﾠare	 ﾠoften	 ﾠnot	 ﾠdirectly	 ﾠstated.	 ﾠ	 ﾠFor	 ﾠexample,	 ﾠthe	 ﾠcontrol	 ﾠof	 ﾠ
cortex	 ﾠby	 ﾠBG	 ﾠis	 ﾠproposed	 ﾠto	 ﾠbe	 ﾠmediated	 ﾠby	 ﾠmodulation	 ﾠof	 ﾠthe	 ﾠdegree	 ﾠof	 ﾠinhibition	 ﾠof	 ﾠthe	 ﾠthalamus	 ﾠby	 ﾠ
GABAergic	 ﾠoutputs	 ﾠof	 ﾠthe	 ﾠBG	 ﾠin	 ﾠthe	 ﾠSNr.	 ﾠ	 ﾠThus,	 ﾠin	 ﾠorder	 ﾠfor	 ﾠthe	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠto	 ﾠbidirectionally	 ﾠ
modulate	 ﾠcortical	 ﾠactivity,	 ﾠit	 ﾠis	 ﾠnecessary	 ﾠthat	 ﾠthe	 ﾠSNr	 ﾠoutput	 ﾠprovide	 ﾠtonic	 ﾠinhibition	 ﾠof	 ﾠthe	 ﾠthalamus	 ﾠ
that	 ﾠ is	 ﾠ significant	 ﾠ but	 ﾠ not	 ﾠ saturated.	 ﾠ 	 ﾠ Although	 ﾠ SNr	 ﾠ output	 ﾠ neurons	 ﾠ are	 ﾠ tonically	 ﾠ active,	 ﾠ synaptic	 ﾠ
depression	 ﾠduring	 ﾠmaintained	 ﾠhigh	 ﾠfrequency	 ﾠfiring	 ﾠmight	 ﾠdiminish	 ﾠthe	 ﾠinhibitory	 ﾠinfluence	 ﾠof	 ﾠBG	 ﾠoutput	 ﾠ
on	 ﾠthalamus.	 ﾠ	 ﾠFurthermore,	 ﾠin	 ﾠorder	 ﾠto	 ﾠtranslate	 ﾠchanges	 ﾠin	 ﾠBG	 ﾠoutput	 ﾠinto	 ﾠalterations	 ﾠof	 ﾠbasal	 ﾠfiring	 ﾠ
rates	 ﾠin	 ﾠcortex,	 ﾠthe	 ﾠthalamocortical	 ﾠprojection	 ﾠneurons	 ﾠneed	 ﾠboth	 ﾠto	 ﾠsupply	 ﾠsufficient	 ﾠongoing	 ﾠactivity	 ﾠto	 ﾠ
account	 ﾠfor	 ﾠa	 ﾠsignificant	 ﾠfraction	 ﾠof	 ﾠcortical	 ﾠexcitatory	 ﾠdrive	 ﾠand	 ﾠto	 ﾠbe	 ﾠunder	 ﾠthe	 ﾠcontrol	 ﾠof	 ﾠinhibition	 ﾠ
from	 ﾠBG.	 ﾠ	 ﾠThe	 ﾠbidirectional	 ﾠmodulation	 ﾠof	 ﾠbasal	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠby	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠ
activation	 ﾠshown	 ﾠhere	 ﾠsupports	 ﾠthe	 ﾠfundamental	 ﾠconclusions	 ﾠof	 ﾠclassic	 ﾠmodels.	 ﾠ	 ﾠ	 ﾠ
2.4.4	 ﾠBeyond	 ﾠclassic	 ﾠmodels	 ﾠ
Recent	 ﾠresults	 ﾠindicate	 ﾠthe	 ﾠsimple	 ﾠclassification	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠas	 ﾠgo	 ﾠand	 ﾠno-ﾭ‐go	 ﾠpathways,	 ﾠ
respectively,	 ﾠdoes	 ﾠnot	 ﾠfully	 ﾠaccount	 ﾠfor	 ﾠthe	 ﾠactivities	 ﾠof	 ﾠthese	 ﾠcells	 ﾠin	 ﾠbehaving	 ﾠmice	 ﾠsince	 ﾠneurons	 ﾠof	 ﾠ	 ﾠ
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both	 ﾠ classes	 ﾠ are	 ﾠ active	 ﾠ during	 ﾠ both	 ﾠ the	 ﾠ initiation	 ﾠ and	 ﾠ suppression	 ﾠ of	 ﾠ movements	 ﾠ (Cui	 ﾠ et	 ﾠ al.	 ﾠ 2014;	 ﾠ
Isomura	 ﾠ et	 ﾠ al.	 ﾠ 2013).	 ﾠ Furthermore,	 ﾠ in	 ﾠ monkeys,	 ﾠ BG	 ﾠ activity	 ﾠ is	 ﾠ concurrent	 ﾠ or	 ﾠ delayed	 ﾠ relative	 ﾠ to	 ﾠ
movement	 ﾠinitiation,	 ﾠsuggesting	 ﾠa	 ﾠfunction	 ﾠin	 ﾠshaping	 ﾠbut	 ﾠnot	 ﾠnecessarily	 ﾠinitiating	 ﾠmotor	 ﾠaction	 ﾠand	 ﾠ
associated	 ﾠcircuit	 ﾠactivity	 ﾠ(Mink	 ﾠ&	 ﾠThach	 ﾠ1991;	 ﾠHikosaka	 ﾠet	 ﾠal.	 ﾠ1989;	 ﾠAldridge	 ﾠet	 ﾠal.	 ﾠ1980).	 ﾠ	 ﾠ	 ﾠ
Resolving	 ﾠthese	 ﾠissues	 ﾠrequires	 ﾠknowledge	 ﾠof	 ﾠthe	 ﾠkinetics	 ﾠof	 ﾠeffects	 ﾠof	 ﾠstriatal	 ﾠactivity	 ﾠon	 ﾠother	 ﾠ
brain	 ﾠ structures.	 ﾠ Within	 ﾠ models	 ﾠ of	 ﾠ cortex/BG	 ﾠ interactions	 ﾠ as	 ﾠ recurrent	 ﾠ loops,	 ﾠ the	 ﾠ kinetics	 ﾠ of	 ﾠ the	 ﾠ
recurrent	 ﾠinteractions	 ﾠare	 ﾠbasic	 ﾠmodel	 ﾠconstraints	 ﾠthat	 ﾠare	 ﾠcurrently	 ﾠunknown.	 ﾠ	 ﾠWe	 ﾠfind	 ﾠthat	 ﾠactivation	 ﾠ
of	 ﾠdSPNs	 ﾠor	 ﾠiSPNs	 ﾠmodulates	 ﾠcortical	 ﾠactivity	 ﾠwith	 ﾠshort	 ﾠlatencies	 ﾠ(average	 ﾠ~120	 ﾠms	 ﾠdSPN,	 ﾠ~165	 ﾠms	 ﾠ
iSPN),	 ﾠwith	 ﾠsome	 ﾠcells	 ﾠresponding	 ﾠin	 ﾠthe	 ﾠfirst	 ﾠ50ms.	 ﾠ	 ﾠThis	 ﾠis	 ﾠslower	 ﾠthan	 ﾠthe	 ﾠtime	 ﾠof	 ﾠstriatal	 ﾠmodulation	 ﾠof	 ﾠ
SNr	 ﾠ(~	 ﾠ100ms,	 ﾠ(Freeze	 ﾠet	 ﾠal.	 ﾠ2013)),	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠadditional	 ﾠtwo	 ﾠsynapses	 ﾠbetween	 ﾠ
SNr	 ﾠ and	 ﾠ cortex.	 ﾠ 	 ﾠ Given	 ﾠ the	 ﾠ short	 ﾠ latency	 ﾠ of	 ﾠ cortically	 ﾠ evoked	 ﾠ action	 ﾠ potentials	 ﾠ in	 ﾠ striatum	 ﾠ (5-ﾭ‐7ms	 ﾠ
(Koralek	 ﾠet	 ﾠal.	 ﾠ2013)),	 ﾠour	 ﾠdata	 ﾠindicate	 ﾠthat	 ﾠa	 ﾠcomplete	 ﾠclosed	 ﾠloop	 ﾠinteraction	 ﾠfrom	 ﾠcortex	 ﾠto	 ﾠstriatum	 ﾠ
and	 ﾠback	 ﾠcan	 ﾠoccur	 ﾠin	 ﾠless	 ﾠthan	 ﾠ200ms.	 ﾠ	 ﾠ	 ﾠ
In	 ﾠaddition	 ﾠto	 ﾠthese	 ﾠrapid	 ﾠkinetics,	 ﾠour	 ﾠresults	 ﾠreveal	 ﾠa	 ﾠcomplex	 ﾠdynamical	 ﾠresponse	 ﾠin	 ﾠcortex	 ﾠto	 ﾠ
striatal	 ﾠactivation	 ﾠthat	 ﾠviolates	 ﾠthe	 ﾠpredicted	 ﾠsymmetric	 ﾠeffects	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivity	 ﾠon	 ﾠcortex.	 ﾠ	 ﾠ	 ﾠAs	 ﾠ
described	 ﾠabove,	 ﾠduring	 ﾠquiescent	 ﾠperiods	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivation	 ﾠare	 ﾠopposing	 ﾠand	 ﾠ
similar	 ﾠin	 ﾠmagnitude.	 ﾠ	 ﾠHowever,	 ﾠsuch	 ﾠsymmetry	 ﾠbreaks	 ﾠfor	 ﾠactivity	 ﾠaround	 ﾠcued	 ﾠand	 ﾠspontaneous	 ﾠlever	 ﾠ
presses.	 ﾠ	 ﾠAlthough	 ﾠiSPN	 ﾠactivation	 ﾠreduces	 ﾠbaseline	 ﾠand	 ﾠpeak	 ﾠactivity	 ﾠin	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠevoked	 ﾠby	 ﾠ
cues	 ﾠand	 ﾠcued	 ﾠlever	 ﾠpresses,	 ﾠactivation	 ﾠof	 ﾠdSPNs	 ﾠhas	 ﾠno	 ﾠeffect	 ﾠon	 ﾠpeak	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠthese	 ﾠbehaviorally	 ﾠ
relevant	 ﾠperiods.	 ﾠ	 ﾠThese	 ﾠeffects	 ﾠare	 ﾠnot	 ﾠdue	 ﾠto	 ﾠa	 ﾠceiling	 ﾠeffect	 ﾠof	 ﾠcortical	 ﾠfiring	 ﾠrates	 ﾠsince	 ﾠthe	 ﾠpeak-ﾭ‐firing	 ﾠ
rate	 ﾠreached	 ﾠin	 ﾠcortex	 ﾠduring	 ﾠa	 ﾠfailure	 ﾠtrial	 ﾠis	 ﾠwell	 ﾠbelow	 ﾠmaximal	 ﾠand	 ﾠyet	 ﾠunaffected	 ﾠby	 ﾠactivation	 ﾠof	 ﾠ
dSPNs.	 ﾠ 	 ﾠ	 ﾠAn	 ﾠ alternative	 ﾠ explanation	 ﾠ is	 ﾠ that	 ﾠ dSPNs,	 ﾠ or	 ﾠ circuit	 ﾠ elements	 ﾠ downstream	 ﾠ of	 ﾠ dSPNs,	 ﾠ are	 ﾠ
maximally	 ﾠactive	 ﾠduring	 ﾠthe	 ﾠmovement	 ﾠsuch	 ﾠthat	 ﾠoptogenetic	 ﾠstimulation	 ﾠof	 ﾠdSPNs	 ﾠhas	 ﾠno	 ﾠfurther	 ﾠeffect.	 ﾠ	 ﾠ	 ﾠ
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Such	 ﾠan	 ﾠexplanation	 ﾠwould	 ﾠalso	 ﾠimply	 ﾠthat	 ﾠiSPNs	 ﾠare	 ﾠcomparatively	 ﾠless	 ﾠactive	 ﾠduring	 ﾠthese	 ﾠperiods	 ﾠthan	 ﾠ
dSPNs,	 ﾠwhich	 ﾠat	 ﾠfirst	 ﾠmay	 ﾠappear	 ﾠin	 ﾠconflict	 ﾠwith	 ﾠresults	 ﾠobserving	 ﾠmovement	 ﾠrelated	 ﾠactivity	 ﾠfrom	 ﾠboth	 ﾠ
iSPNs	 ﾠand	 ﾠdSPNs	 ﾠin	 ﾠvivo	 ﾠ(Cui	 ﾠet	 ﾠal.	 ﾠ2014;	 ﾠIsomura	 ﾠet	 ﾠal.	 ﾠ2013).	 ﾠHowever,	 ﾠthis	 ﾠmay	 ﾠbe	 ﾠreconciled	 ﾠby	 ﾠ
differences	 ﾠin	 ﾠthe	 ﾠsustained	 ﾠactivity	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠduring	 ﾠmovement	 ﾠbouts,	 ﾠdSPNs	 ﾠbeing	 ﾠlargely	 ﾠ
active	 ﾠwhile	 ﾠiSPNs	 ﾠare	 ﾠlargely	 ﾠinhibited	 ﾠ(Jin	 ﾠet	 ﾠal.	 ﾠ2014).	 ﾠIndeed,	 ﾠin	 ﾠmotor	 ﾠcortex,	 ﾠwe	 ﾠsee	 ﾠmuch	 ﾠgreater	 ﾠ
effects	 ﾠof	 ﾠiSPN	 ﾠactivation	 ﾠleading	 ﾠup	 ﾠto	 ﾠa	 ﾠpress	 ﾠthan	 ﾠduring	 ﾠthe	 ﾠmovement	 ﾠitself,	 ﾠimplying	 ﾠthat	 ﾠsome	 ﾠiSPN	 ﾠ
activation	 ﾠmay	 ﾠbe	 ﾠpresent	 ﾠduring	 ﾠthe	 ﾠpresses.	 ﾠ	 ﾠ
Alternatively,	 ﾠa	 ﾠmodel	 ﾠin	 ﾠwhich	 ﾠBG	 ﾠprovide	 ﾠa	 ﾠmodulatory	 ﾠor	 ﾠgating	 ﾠrole	 ﾠin	 ﾠthalamus	 ﾠmay	 ﾠbe	 ﾠ
equally	 ﾠconsistent	 ﾠwith	 ﾠour	 ﾠfindings.	 ﾠIn	 ﾠthis	 ﾠmodel	 ﾠwhen	 ﾠthe	 ﾠanimal	 ﾠis	 ﾠnot	 ﾠmoving	 ﾠthe	 ﾠBG	 ﾠincreases	 ﾠor	 ﾠ
decreases	 ﾠ cortical	 ﾠ activity	 ﾠ by	 ﾠ allowing	 ﾠ spurious,	 ﾠ non-ﾭ‐movement	 ﾠ related,	 ﾠ activity	 ﾠ to	 ﾠ transmit	 ﾠ from	 ﾠ
thalamus	 ﾠto	 ﾠcortex.	 ﾠWhen	 ﾠa	 ﾠmovement	 ﾠis	 ﾠhappening	 ﾠno	 ﾠfurther	 ﾠactivation	 ﾠis	 ﾠpossible,	 ﾠthe	 ﾠgate	 ﾠis	 ﾠopen,	 ﾠ
thus	 ﾠthe	 ﾠdirect	 ﾠpathway	 ﾠdoes	 ﾠnot	 ﾠincrease	 ﾠactivity.	 ﾠHowever	 ﾠsuppression	 ﾠis	 ﾠstill	 ﾠpossible	 ﾠvia	 ﾠincreased	 ﾠ
indirect	 ﾠactivity.	 ﾠ	 ﾠ
Furthermore	 ﾠasymmetric	 ﾠeffects	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠon	 ﾠcortex	 ﾠare	 ﾠseen	 ﾠin	 ﾠthe	 ﾠexistence	 ﾠof	 ﾠa	 ﾠ
subset	 ﾠof	 ﾠcortical	 ﾠneurons	 ﾠ(~30%	 ﾠof	 ﾠtotal)	 ﾠthat	 ﾠare	 ﾠtransiently	 ﾠactivated	 ﾠwhen	 ﾠiSPNs	 ﾠare	 ﾠstimulated.	 ﾠ	 ﾠThe	 ﾠ
majority	 ﾠof	 ﾠcortical	 ﾠneurons	 ﾠmonotonically	 ﾠdecrease	 ﾠfiring	 ﾠfollowing	 ﾠiSPN	 ﾠactivation	 ﾠand	 ﾠincrease	 ﾠback	 ﾠto	 ﾠ
baseline	 ﾠlevels	 ﾠupon	 ﾠcessation	 ﾠof	 ﾠiSPN	 ﾠstimulation.	 ﾠIn	 ﾠstark	 ﾠcontrast,	 ﾠthose	 ﾠcells	 ﾠthat	 ﾠare	 ﾠtransiently	 ﾠ
excited	 ﾠreduce	 ﾠtheir	 ﾠfiring	 ﾠrate	 ﾠafter	 ﾠ~500ms	 ﾠof	 ﾠexcitation,	 ﾠand	 ﾠrebound	 ﾠstrongly	 ﾠupon	 ﾠcessation	 ﾠof	 ﾠiSPN	 ﾠ
stimulation.	 ﾠWe	 ﾠwere	 ﾠunable	 ﾠto	 ﾠfind	 ﾠan	 ﾠanalogous	 ﾠclass	 ﾠof	 ﾠunits	 ﾠthat	 ﾠeither	 ﾠdisplayed	 ﾠnon-ﾭ‐canonical	 ﾠ
direction	 ﾠof	 ﾠaction	 ﾠor	 ﾠequivalent	 ﾠresponses	 ﾠto	 ﾠinitiation	 ﾠand	 ﾠcessation	 ﾠof	 ﾠdSPN	 ﾠstimulation.	 ﾠThus	 ﾠthis	 ﾠ
non-ﾭ‐canonical	 ﾠtransient	 ﾠexcitation	 ﾠappears	 ﾠto	 ﾠbe	 ﾠiSPN	 ﾠspecific.	 ﾠ	 ﾠ
It	 ﾠis	 ﾠof	 ﾠparticular	 ﾠinterest	 ﾠthat	 ﾠthe	 ﾠtransiently	 ﾠexcited	 ﾠcells	 ﾠappear	 ﾠin	 ﾠpredominantly	 ﾠsuperficial	 ﾠ
layers.	 ﾠThalamocortical	 ﾠactivity	 ﾠfrom	 ﾠthe	 ﾠVLo,	 ﾠand	 ﾠthus	 ﾠmodulated	 ﾠby	 ﾠthe	 ﾠBG,	 ﾠprimarily	 ﾠinnervates	 ﾠthe	 ﾠ	 ﾠ
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superficial	 ﾠlayers	 ﾠ(McFarland	 ﾠ&	 ﾠHaber	 ﾠ2002;	 ﾠKuramoto	 ﾠet	 ﾠal.	 ﾠ2009)	 ﾠalthough	 ﾠsome	 ﾠaxons	 ﾠare	 ﾠreported	 ﾠin	 ﾠ
deeper	 ﾠlayers	 ﾠ(Constantinople	 ﾠ&	 ﾠR.	 ﾠM.	 ﾠBruno	 ﾠ2013).	 ﾠ	 ﾠThese	 ﾠtransiently	 ﾠexcited	 ﾠcells	 ﾠmay	 ﾠreceive	 ﾠdirect	 ﾠ
thalamocortical	 ﾠinput	 ﾠthat	 ﾠis	 ﾠatypically	 ﾠsensitive	 ﾠto	 ﾠBG	 ﾠoutputs,	 ﾠor	 ﾠmay	 ﾠrespond	 ﾠin	 ﾠhighly	 ﾠspecific	 ﾠmanner	 ﾠ
to	 ﾠ cortical	 ﾠ microcircuitry.	 ﾠ In	 ﾠ either	 ﾠ case	 ﾠ this	 ﾠ subset	 ﾠ of	 ﾠ neurons	 ﾠ in	 ﾠ the	 ﾠ motor	 ﾠ cortex	 ﾠ need	 ﾠ to	 ﾠ be	 ﾠ
incorporated	 ﾠinto	 ﾠfuture	 ﾠmodels	 ﾠof	 ﾠbasal	 ﾠganglia-ﾭ‐thalamo-ﾭ‐cortical	 ﾠcircuitry.	 ﾠ
	 ﾠ
2.4.5	 ﾠEffects	 ﾠon	 ﾠencoding	 ﾠproperties	 ﾠof	 ﾠcortex	 ﾠ
	 ﾠ Determining	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠthe	 ﾠBG	 ﾠon	 ﾠlarge	 ﾠpopulations	 ﾠof	 ﾠneurons	 ﾠin	 ﾠdownstream	 ﾠareas	 ﾠis	 ﾠ
necessary	 ﾠfor	 ﾠa	 ﾠcomplete	 ﾠunderstanding	 ﾠof	 ﾠhow	 ﾠthis	 ﾠstructure	 ﾠinteracts	 ﾠwith	 ﾠits	 ﾠconnected	 ﾠneighbors.	 ﾠ
We	 ﾠexamined	 ﾠhow	 ﾠthe	 ﾠencoding	 ﾠof	 ﾠmovement	 ﾠinitiation	 ﾠin	 ﾠmotor	 ﾠcortex	 ﾠis	 ﾠaltered	 ﾠby	 ﾠindirect	 ﾠand	 ﾠdirect	 ﾠ
pathway	 ﾠ modulation.	 ﾠ In	 ﾠ general,	 ﾠ the	 ﾠ activity	 ﾠ of	 ﾠ each	 ﾠ individual	 ﾠ cortical	 ﾠ unit	 ﾠ retained	 ﾠ its	 ﾠ specific	 ﾠ
dependence	 ﾠon	 ﾠbehavioral	 ﾠstate	 ﾠduring	 ﾠactivation	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠ–	 ﾠe.g.	 ﾠa	 ﾠneuron	 ﾠthat	 ﾠresponds	 ﾠ
strongly	 ﾠto	 ﾠat	 ﾠthe	 ﾠtime	 ﾠof	 ﾠa	 ﾠspontaneous	 ﾠmovement	 ﾠcontinues	 ﾠto	 ﾠdo	 ﾠso	 ﾠduring	 ﾠoptogenetic	 ﾠstimulation	 ﾠ
of	 ﾠthe	 ﾠstriatum.	 ﾠ	 ﾠHowever,	 ﾠthe	 ﾠconverse	 ﾠis	 ﾠnot	 ﾠtrue	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠdegrees	 ﾠof	 ﾠmodulation	 ﾠof	 ﾠindividual	 ﾠ
units	 ﾠand	 ﾠof	 ﾠthe	 ﾠpopulation	 ﾠas	 ﾠa	 ﾠwhole	 ﾠare	 ﾠhighly	 ﾠdependent	 ﾠon	 ﾠbehavioral	 ﾠcontext;	 ﾠsuch	 ﾠbasal	 ﾠfiring	 ﾠ
rates	 ﾠwere	 ﾠhighly	 ﾠaffected	 ﾠby	 ﾠstimulation	 ﾠof	 ﾠeither	 ﾠpathways	 ﾠwhereas	 ﾠthe	 ﾠpeak	 ﾠfiring	 ﾠrates	 ﾠaround	 ﾠthe	 ﾠ
times	 ﾠ of	 ﾠ spontaneous	 ﾠ lever	 ﾠ presses	 ﾠ were	 ﾠ largely	 ﾠ unaffected.	 ﾠ Thus	 ﾠ from	 ﾠ a	 ﾠ movement-ﾭ‐initiation	 ﾠ
perspective,	 ﾠthe	 ﾠsignal	 ﾠto	 ﾠnoise	 ﾠof	 ﾠthe	 ﾠpopulation	 ﾠactivity	 ﾠand	 ﾠthe	 ﾠability	 ﾠof	 ﾠan	 ﾠobserver	 ﾠto	 ﾠpredict	 ﾠthe	 ﾠ
timing	 ﾠof	 ﾠa	 ﾠmotor	 ﾠaction	 ﾠby	 ﾠobserving	 ﾠcortical	 ﾠactivity	 ﾠwere	 ﾠenhanced	 ﾠby	 ﾠiSPN	 ﾠand	 ﾠreduced	 ﾠby	 ﾠdSPN	 ﾠ
activity.	 ﾠ	 ﾠ
	 ﾠ At	 ﾠthe	 ﾠpopulation	 ﾠlevel,	 ﾠdifferences	 ﾠbetween	 ﾠthe	 ﾠcortical	 ﾠeffects	 ﾠof	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivation	 ﾠ
were	 ﾠalso	 ﾠevident.	 ﾠWhereas	 ﾠa	 ﾠgood	 ﾠcorrelation	 ﾠwas	 ﾠobserved	 ﾠbetween	 ﾠeach	 ﾠneuron’s	 ﾠmodulation	 ﾠby	 ﾠ
dSPN	 ﾠactivation	 ﾠand	 ﾠits	 ﾠlever	 ﾠpress	 ﾠrelated	 ﾠchange	 ﾠin	 ﾠfiring	 ﾠrate,	 ﾠno	 ﾠsimilar	 ﾠcorrelation	 ﾠwas	 ﾠfound	 ﾠwhen	 ﾠ	 ﾠ
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iSPNs	 ﾠwhere	 ﾠactivated.	 ﾠThis	 ﾠis	 ﾠespecially	 ﾠintriguing	 ﾠas	 ﾠthe	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠprojections	 ﾠtarget	 ﾠthe	 ﾠsame	 ﾠ
neurons	 ﾠin	 ﾠthe	 ﾠSNr	 ﾠ(Smith	 ﾠ&	 ﾠBolam	 ﾠ1991),	 ﾠand	 ﾠthus	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠexplain	 ﾠdifferential	 ﾠeffects	 ﾠon	 ﾠcortex	 ﾠ
via	 ﾠ a	 ﾠ common	 ﾠ output.	 ﾠ 	 ﾠ This	 ﾠ may	 ﾠ suggest	 ﾠ the	 ﾠ existence	 ﾠ of	 ﾠ additional	 ﾠ outputs	 ﾠ of	 ﾠ the	 ﾠ BG	 ﾠ that	 ﾠ are	 ﾠ
differentially	 ﾠ dependent	 ﾠ on	 ﾠ iSPN	 ﾠ and	 ﾠ dSPN	 ﾠ activity.	 ﾠ 	 ﾠ Alternatively,	 ﾠ it	 ﾠ is	 ﾠ possible	 ﾠ that	 ﾠ undetected	 ﾠ
movements	 ﾠ are	 ﾠ present	 ﾠ and	 ﾠ differentially	 ﾠ sensitive	 ﾠ to	 ﾠ dSPN	 ﾠ and	 ﾠ iSPN	 ﾠ activation.	 ﾠ 	 ﾠ However,	 ﾠ such	 ﾠ
significant	 ﾠeffects	 ﾠwould	 ﾠbe	 ﾠexpected	 ﾠto	 ﾠresult	 ﾠin	 ﾠstrong	 ﾠcorrelations	 ﾠbetween	 ﾠthe	 ﾠdegree	 ﾠof	 ﾠmodulation	 ﾠ
of	 ﾠfiring	 ﾠof	 ﾠa	 ﾠneuron	 ﾠduring	 ﾠa	 ﾠmovement	 ﾠand	 ﾠits	 ﾠsensitivity	 ﾠto	 ﾠoptogenetic	 ﾠmodulation	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠof	 ﾠ
either	 ﾠiSPNs	 ﾠor	 ﾠdSPNs.	 ﾠ
	 ﾠ
2.5	 ﾠConclusions	 ﾠ
Here	 ﾠwe	 ﾠreport	 ﾠthe	 ﾠresults	 ﾠof	 ﾠthe	 ﾠfirst	 ﾠdirect	 ﾠexamination	 ﾠof	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠstriatal	 ﾠactivity	 ﾠon	 ﾠthe	 ﾠprimary	 ﾠ
motor	 ﾠ cortex.	 ﾠ We	 ﾠ find	 ﾠ that	 ﾠ the	 ﾠ predictions	 ﾠ of	 ﾠ classical	 ﾠ models	 ﾠ of	 ﾠ BG/cortex	 ﾠ interactions	 ﾠ are	 ﾠ well	 ﾠ
supported	 ﾠby	 ﾠresults	 ﾠobtained	 ﾠfrom	 ﾠmice	 ﾠin	 ﾠa	 ﾠquiescent	 ﾠstate	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠBG	 ﾠexert	 ﾠlarge,	 ﾠfast,	 ﾠpush-ﾭ‐pull	 ﾠ
control	 ﾠ over	 ﾠ motor	 ﾠ cortex.	 ﾠ However,	 ﾠ the	 ﾠ classic	 ﾠ model	 ﾠ fails	 ﾠ to	 ﾠ account	 ﾠ for	 ﾠ the	 ﾠ effects	 ﾠ of	 ﾠ striatal	 ﾠ
manipulations	 ﾠwhile	 ﾠthe	 ﾠanimals	 ﾠare	 ﾠmaking	 ﾠspontaneous	 ﾠor	 ﾠcued	 ﾠmovements,	 ﾠor	 ﾠfor	 ﾠthe	 ﾠasymmetric	 ﾠ
effects	 ﾠ of	 ﾠ direct	 ﾠ and	 ﾠ indirect	 ﾠ pathway	 ﾠ activation	 ﾠ on	 ﾠ cortex.	 ﾠ 	 ﾠ Our	 ﾠ results	 ﾠ indicate	 ﾠ the	 ﾠ existence	 ﾠ of	 ﾠ
circuitry,	 ﾠeither	 ﾠwithin	 ﾠnuclei	 ﾠdownstream	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠand	 ﾠbetween	 ﾠthe	 ﾠBG	 ﾠand	 ﾠcortex,	 ﾠwhich	 ﾠallow	 ﾠ
differential	 ﾠand	 ﾠnon-ﾭ‐opposing	 ﾠeffects	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠon	 ﾠcortex.	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
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2.6	 ﾠMaterials	 ﾠand	 ﾠMethods	 ﾠ
Surgical	 ﾠProcedure.	 ﾠAll	 ﾠanimal	 ﾠprocedures	 ﾠwere	 ﾠapproved	 ﾠby	 ﾠthe	 ﾠInstitutional	 ﾠAnimal	 ﾠCare	 ﾠand	 ﾠUse	 ﾠ
Committee	 ﾠ at	 ﾠ Harvard	 ﾠ Medical	 ﾠ School	 ﾠ and	 ﾠ conform	 ﾠ to	 ﾠ the	 ﾠ National	 ﾠ Institutes	 ﾠ of	 ﾠ Health	 ﾠ guidelines.	 ﾠ
Transgenic	 ﾠ male	 ﾠ mice	 ﾠ (30-ﾭ‐60	 ﾠ days	 ﾠ postnatal	 ﾠ age)	 ﾠ expressing	 ﾠ Cre	 ﾠ recombinase	 ﾠ in	 ﾠ either	 ﾠ dSPNs	 ﾠ	 ﾠ
(B6.FVB(Cg)-ﾭ‐Tg(Drd1a-ﾭ‐cre)EY217Gsat/Mmucd,	 ﾠ from	 ﾠ MMRC)	 ﾠ 	 ﾠ or	 ﾠ iSPNs	 ﾠ (B6.FVB(Cg)-ﾭ‐Tg(Adora2a-ﾭ‐
cre)KG139Gsat/Mmucd	 ﾠfrom	 ﾠGensat)	 ﾠwere	 ﾠfitted	 ﾠwith	 ﾠa	 ﾠcustom-ﾭ‐made	 ﾠTitanium	 ﾠheadpost	 ﾠand	 ﾠinfected	 ﾠ
with	 ﾠ500	 ﾠµl	 ﾠof	 ﾠa	 ﾠCre	 ﾠdependent	 ﾠChR2	 ﾠAAV	 ﾠ(2/5.EF1.dflox.hChR2(H1134R)-ﾭ‐mCherry.WPRE.hGH,	 ﾠavailable	 ﾠ
from	 ﾠUniversity	 ﾠof	 ﾠPennsylvania	 ﾠVector	 ﾠCore)	 ﾠinto	 ﾠthe	 ﾠStriatum	 ﾠat	 ﾠcoordinates	 ﾠ0.9mm	 ﾠAnterior,	 ﾠ1.7mm	 ﾠ
Lateral	 ﾠfrom	 ﾠBregma,	 ﾠand	 ﾠ2.8mm	 ﾠDeep.	 ﾠThey	 ﾠwere	 ﾠthen	 ﾠhoused	 ﾠsingly	 ﾠin	 ﾠa	 ﾠsemi	 ﾠreversed	 ﾠlight	 ﾠcycle	 ﾠ
(Light	 ﾠ10pm	 ﾠ–	 ﾠ10am).	 ﾠ	 ﾠ
Training.	 ﾠFollowing	 ﾠ1	 ﾠweek	 ﾠof	 ﾠrecovery	 ﾠanimals	 ﾠwere	 ﾠtrained	 ﾠto	 ﾠbe	 ﾠhead	 ﾠrestrained	 ﾠand	 ﾠto	 ﾠpress	 ﾠa	 ﾠlever	 ﾠ
in	 ﾠresponse	 ﾠto	 ﾠan	 ﾠauditory	 ﾠcue	 ﾠvia	 ﾠoperant	 ﾠconditioning	 ﾠand	 ﾠpositive	 ﾠreinforcement.	 ﾠAnimals	 ﾠwere	 ﾠwater	 ﾠ
restricted	 ﾠto	 ﾠa	 ﾠtarget	 ﾠof	 ﾠ80-ﾭ‐85%	 ﾠof	 ﾠtheir	 ﾠfree	 ﾠaccess	 ﾠweight.	 ﾠTrained	 ﾠanimals	 ﾠwould	 ﾠroutinely	 ﾠget	 ﾠmore	 ﾠ
than	 ﾠ their	 ﾠ required	 ﾠ water	 ﾠ allotment	 ﾠ through	 ﾠ training,	 ﾠ in	 ﾠ the	 ﾠ case	 ﾠ that	 ﾠ they	 ﾠ were	 ﾠ underperforming	 ﾠ
supplementary	 ﾠwater	 ﾠwould	 ﾠbe	 ﾠgiven	 ﾠto	 ﾠbring	 ﾠthem	 ﾠup	 ﾠto	 ﾠ10-ﾭ‐25mg/kg/day.	 ﾠAnimals	 ﾠwere	 ﾠhandled	 ﾠfor	 ﾠ
~10	 ﾠminutes	 ﾠon	 ﾠthe	 ﾠfirst	 ﾠday	 ﾠprior	 ﾠto	 ﾠheadfixed	 ﾠtraining.	 ﾠ	 ﾠ
Head	 ﾠrestrained	 ﾠtraining	 ﾠwas	 ﾠdone	 ﾠ6	 ﾠdays/week	 ﾠfor	 ﾠup	 ﾠto	 ﾠ90	 ﾠmin/day	 ﾠin	 ﾠthe	 ﾠearly	 ﾠperiod	 ﾠafter	 ﾠ
lights	 ﾠoff	 ﾠ(10am-ﾭ‐5pm)	 ﾠusing	 ﾠa	 ﾠcustom	 ﾠrig	 ﾠrunning	 ﾠa	 ﾠcustom	 ﾠmade	 ﾠtraining	 ﾠprogram	 ﾠwritten	 ﾠin	 ﾠMATLAB.	 ﾠIf	 ﾠ
the	 ﾠanimal	 ﾠwithholds	 ﾠpressing	 ﾠthrough	 ﾠa	 ﾠperiod	 ﾠof	 ﾠrandom	 ﾠduration,	 ﾠ1.5-ﾭ‐5s,	 ﾠa	 ﾠ50ms	 ﾠ50db	 ﾠ10kHz	 ﾠtone	 ﾠwill	 ﾠ
play	 ﾠindicating	 ﾠthe	 ﾠstart	 ﾠof	 ﾠa	 ﾠtrial.	 ﾠThe	 ﾠanimal	 ﾠthen	 ﾠhas	 ﾠa	 ﾠshort	 ﾠperiod	 ﾠto	 ﾠpress	 ﾠthe	 ﾠlever	 ﾠfor	 ﾠa	 ﾠwater	 ﾠ
reward.	 ﾠ	 ﾠThe	 ﾠprogram	 ﾠis	 ﾠdesigned	 ﾠto	 ﾠgradually	 ﾠtighten	 ﾠor	 ﾠrelax	 ﾠreward	 ﾠcriteria	 ﾠas	 ﾠthe	 ﾠanimal	 ﾠperforms	 ﾠ
better	 ﾠor	 ﾠworse.	 ﾠThe	 ﾠrewarded	 ﾠperiod	 ﾠbegins	 ﾠat	 ﾠa	 ﾠgenerous	 ﾠ10s	 ﾠwindow	 ﾠand	 ﾠcollapses	 ﾠby	 ﾠ10%	 ﾠevery	 ﾠ
reward	 ﾠuntil	 ﾠit	 ﾠreached	 ﾠ1.5s.	 ﾠIf	 ﾠthe	 ﾠanimal	 ﾠdoes	 ﾠnot	 ﾠreceive	 ﾠany	 ﾠrewards	 ﾠin	 ﾠ40s	 ﾠthis	 ﾠperiod	 ﾠwill	 ﾠgrow	 ﾠby	 ﾠ	 ﾠ
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0.75s.	 ﾠThe	 ﾠinter-ﾭ‐trial	 ﾠinterval	 ﾠcompensates	 ﾠto	 ﾠremain	 ﾠa	 ﾠrandom	 ﾠperiod	 ﾠcentered	 ﾠon	 ﾠ9s.	 ﾠ	 ﾠIn	 ﾠaddition	 ﾠthe	 ﾠ
volume	 ﾠof	 ﾠeach	 ﾠreward	 ﾠwas	 ﾠdynamic	 ﾠincreasing	 ﾠfrom	 ﾠ2	 ﾠto	 ﾠ8µl/reward	 ﾠfor	 ﾠfaster	 ﾠresponses.	 ﾠResponses	 ﾠ
within	 ﾠthe	 ﾠfirst	 ﾠ200ms	 ﾠreceived	 ﾠ8µl,	 ﾠthis	 ﾠreduces	 ﾠsmoothly	 ﾠto	 ﾠ4µl	 ﾠfor	 ﾠa	 ﾠ1s	 ﾠreaction	 ﾠtime,	 ﾠand	 ﾠto	 ﾠ2µl	 ﾠby	 ﾠthe	 ﾠ
end	 ﾠof	 ﾠthat	 ﾠtrials	 ﾠrewarded	 ﾠperiod.	 ﾠOnce	 ﾠanimals	 ﾠwere	 ﾠproficient	 ﾠwith	 ﾠthe	 ﾠtraining	 ﾠtask	 ﾠthey	 ﾠwere	 ﾠmoved	 ﾠ
to	 ﾠa	 ﾠstatic	 ﾠvariant	 ﾠof	 ﾠthe	 ﾠtask,	 ﾠtypically	 ﾠaround	 ﾠ14	 ﾠtraining	 ﾠdays.	 ﾠAll	 ﾠrecordings	 ﾠwere	 ﾠdone	 ﾠon	 ﾠa	 ﾠstatic	 ﾠ
variant	 ﾠof	 ﾠthis	 ﾠprogram	 ﾠwith	 ﾠa	 ﾠfixed	 ﾠ1.5s	 ﾠrewarded	 ﾠperiod	 ﾠand	 ﾠa	 ﾠ4µl	 ﾠreward	 ﾠsize	 ﾠregardless	 ﾠof	 ﾠreaction	 ﾠ
time.	 ﾠ	 ﾠ
	 ﾠ Once,	 ﾠanimals	 ﾠobtained	 ﾠa	 ﾠsufficient	 ﾠlevel	 ﾠof	 ﾠproficiency	 ﾠon	 ﾠthe	 ﾠstatic	 ﾠtask	 ﾠ(125	 ﾠrewards	 ﾠin	 ﾠ90min),	 ﾠ
typically	 ﾠafter	 ﾠ14-ﾭ‐21	 ﾠdays,	 ﾠa	 ﾠfiber	 ﾠoptic	 ﾠ(62.5um	 ﾠcore	 ﾠdiameter	 ﾠ0.22	 ﾠNA)	 ﾠand	 ﾠferrule	 ﾠconnector	 ﾠ(precision	 ﾠ
fiber	 ﾠproducts)	 ﾠwere	 ﾠimplanted	 ﾠin	 ﾠstriatum	 ﾠthrough	 ﾠthe	 ﾠoriginal	 ﾠcraniotomy	 ﾠat	 ﾠa	 ﾠtip	 ﾠdepth	 ﾠof	 ﾠ2.2-ﾭ‐2.4mm	 ﾠ
and	 ﾠa	 ﾠsecond	 ﾠcraniotomy	 ﾠwas	 ﾠopened	 ﾠover	 ﾠmotor	 ﾠcortex	 ﾠ(0.25	 ﾠanterior,	 ﾠ1.5	 ﾠLateral)	 ﾠand	 ﾠsealed	 ﾠwith	 ﾠ
Kwik-ﾭ‐Cast	 ﾠ silicone	 ﾠ Elastomere.	 ﾠ 	 ﾠ The	 ﾠ fiber	 ﾠ optic	 ﾠ and	 ﾠ connector	 ﾠ were	 ﾠ confirmed	 ﾠ to	 ﾠ have	 ﾠ >75%	 ﾠ
transmission	 ﾠprior	 ﾠto	 ﾠimplantation.	 ﾠOptical	 ﾠstimulation	 ﾠwas	 ﾠachieved	 ﾠby	 ﾠcoupling	 ﾠa	 ﾠ473nm	 ﾠLaser	 ﾠ(Ciel,	 ﾠ
Laser	 ﾠ Quantum)	 ﾠ through	 ﾠ an	 ﾠ Acusto-ﾭ‐Optic	 ﾠ Modulator	 ﾠ (AA	 ﾠ opto-ﾭ‐Electronic)	 ﾠ for	 ﾠ fast	 ﾠ shuttering	 ﾠ and	 ﾠ
intensity	 ﾠcontrol.	 ﾠFinal	 ﾠlight	 ﾠpower	 ﾠentering	 ﾠthe	 ﾠchronic	 ﾠfiber	 ﾠwas	 ﾠbetween	 ﾠ1.5-ﾭ‐3.0mW.	 ﾠIllumination	 ﾠwas	 ﾠ
constant	 ﾠduring	 ﾠalternating	 ﾠtrials	 ﾠfor	 ﾠthe	 ﾠlength	 ﾠof	 ﾠa	 ﾠtraining	 ﾠsession.	 ﾠDuring	 ﾠoptogenetic	 ﾠexperiments	 ﾠ
house	 ﾠlights	 ﾠwere	 ﾠkept	 ﾠon	 ﾠto	 ﾠreduce	 ﾠthe	 ﾠrisk	 ﾠof	 ﾠthe	 ﾠanimal	 ﾠdetecting	 ﾠchanges	 ﾠin	 ﾠlaser	 ﾠillumination.	 ﾠ	 ﾠ
In	 ﾠvivo	 ﾠelectropysiological.	 ﾠIn	 ﾠvivo	 ﾠelectropysiological	 ﾠrecordings	 ﾠwere	 ﾠmade	 ﾠusing	 ﾠ16	 ﾠor	 ﾠ32	 ﾠchannel	 ﾠ
probes	 ﾠ(177	 ﾠor	 ﾠ413µm
2)	 ﾠwith	 ﾠrecording	 ﾠsite	 ﾠarranged	 ﾠin	 ﾠone	 ﾠor	 ﾠtwo	 ﾠlinear	 ﾠarrays	 ﾠall	 ﾠfrom	 ﾠNeuroNexus	 ﾠ
Technologies)	 ﾠmounted	 ﾠat	 ﾠa	 ﾠ30°	 ﾠangle	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠthe	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠskull.	 ﾠFor	 ﾠcortical	 ﾠrecordings,	 ﾠ
electrodes	 ﾠwere	 ﾠpositioned	 ﾠwith	 ﾠthe	 ﾠtip	 ﾠof	 ﾠ900-ﾭ‐1500µm	 ﾠdeep,	 ﾠ~600	 ﾠµm	 ﾠbelow	 ﾠthe	 ﾠfirst	 ﾠactive	 ﾠchannel.	 ﾠ
Striatal	 ﾠrecordings	 ﾠwere	 ﾠmade	 ﾠeither	 ﾠusing	 ﾠan	 ﾠoptrode	 ﾠ(model	 ﾠOA16	 ﾠfrom	 ﾠNeuroNexus	 ﾠTechnologies)	 ﾠat	 ﾠ
the	 ﾠsame	 ﾠcoordinates	 ﾠas	 ﾠa	 ﾠtypical	 ﾠfiber	 ﾠimplantation	 ﾠ(0.9	 ﾠAnterior,	 ﾠ1.7	 ﾠLateral,	 ﾠ2.2mm	 ﾠDeep)	 ﾠor	 ﾠusing	 ﾠthe	 ﾠ	 ﾠ
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typical	 ﾠ16	 ﾠor	 ﾠ32	 ﾠchannel	 ﾠprobes	 ﾠvia	 ﾠa	 ﾠdeep,	 ﾠangled	 ﾠpenetration	 ﾠfrom	 ﾠthe	 ﾠmotor	 ﾠcortex	 ﾠuntil	 ﾠthe	 ﾠelectrode	 ﾠ
was	 ﾠin	 ﾠthe	 ﾠfield	 ﾠilluminated	 ﾠby	 ﾠthe	 ﾠfiber	 ﾠoptic.	 ﾠIn	 ﾠthe	 ﾠlatter	 ﾠcase	 ﾠproper	 ﾠplacement	 ﾠwas	 ﾠensured	 ﾠvia	 ﾠ
identifying	 ﾠoptical	 ﾠartifacts	 ﾠin	 ﾠthe	 ﾠrecording	 ﾠchannels	 ﾠthat	 ﾠcorresponded	 ﾠwith	 ﾠlight	 ﾠonset	 ﾠand	 ﾠoffsets.	 ﾠ	 ﾠ
	 ﾠ Animals	 ﾠwere	 ﾠexcluded	 ﾠif	 ﾠthey	 ﾠdid	 ﾠnot	 ﾠreach	 ﾠsufficient	 ﾠlevel	 ﾠof	 ﾠproficiency	 ﾠbefore	 ﾠthey	 ﾠreached	 ﾠ
12	 ﾠweeks	 ﾠof	 ﾠage,	 ﾠif	 ﾠthey	 ﾠcould	 ﾠproperly	 ﾠarticulate	 ﾠtheir	 ﾠdispleasure	 ﾠwith	 ﾠthe	 ﾠtask,	 ﾠor	 ﾠin	 ﾠthe	 ﾠevent	 ﾠof	 ﾠ
infection	 ﾠor	 ﾠdamage	 ﾠto	 ﾠthe	 ﾠheadpost,	 ﾠchronic	 ﾠfiber	 ﾠor	 ﾠcraniotomy.	 ﾠ	 ﾠIn	 ﾠtotal	 ﾠ18	 ﾠmice	 ﾠwere	 ﾠused	 ﾠfor	 ﾠ
optogenetic	 ﾠbehavioral	 ﾠexperiments	 ﾠ(7	 ﾠiSPN,	 ﾠ3	 ﾠcontrol,	 ﾠ8	 ﾠdSPN),	 ﾠof	 ﾠthose	 ﾠ8	 ﾠwere	 ﾠused	 ﾠfor	 ﾠrecordings	 ﾠ(4	 ﾠ
iSPN,	 ﾠ4	 ﾠdSPN).	 ﾠ
	 ﾠ Spiking	 ﾠwas	 ﾠfiltered	 ﾠat	 ﾠ1-ﾭ‐8000	 ﾠHz,	 ﾠdigitized	 ﾠat	 ﾠ40kHz	 ﾠand	 ﾠsorted	 ﾠinto	 ﾠsingle	 ﾠand	 ﾠmulti-ﾭ‐unit	 ﾠactivity	 ﾠ
via	 ﾠprincipal	 ﾠcomponent	 ﾠanalysis	 ﾠusing	 ﾠPlexon	 ﾠInc.’s	 ﾠOmniplex	 ﾠand	 ﾠOffline	 ﾠSorter	 ﾠsystems,	 ﾠrespectively.	 ﾠ
Data	 ﾠwere	 ﾠfurther	 ﾠanalyzed	 ﾠusing	 ﾠIGOR	 ﾠPro	 ﾠand	 ﾠMatlab.	 ﾠIn	 ﾠcertain	 ﾠcases	 ﾠ(fig.	 ﾠ2.4)	 ﾠunits	 ﾠwere	 ﾠdiscarded	 ﾠif	 ﾠ
the	 ﾠcombination	 ﾠof	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠstimulus	 ﾠevents	 ﾠrecorded	 ﾠtimes	 ﾠthe	 ﾠbaseline	 ﾠfiring	 ﾠrate	 ﾠwere	 ﾠnot	 ﾠ
sufficient	 ﾠto	 ﾠachieve	 ﾠ30	 ﾠspikes	 ﾠin	 ﾠthe	 ﾠ1.5s	 ﾠbaseline	 ﾠperiod.	 ﾠ	 ﾠ
Intracortical	 ﾠmicrostimulation.	 ﾠIntracortical	 ﾠmicrostimulation	 ﾠwas	 ﾠperformed	 ﾠsimilar	 ﾠto	 ﾠ(Tennant	 ﾠet	 ﾠal.	 ﾠ
2011)	 ﾠusing	 ﾠa	 ﾠconcentric	 ﾠbipolar	 ﾠstimulating	 ﾠelectrode	 ﾠ(FHC)	 ﾠusing	 ﾠa	 ﾠ50ms	 ﾠtrain	 ﾠof	 ﾠ16	 ﾠpulses	 ﾠat	 ﾠa	 ﾠdepth	 ﾠof	 ﾠ
400-ﾭ‐800µm.	 ﾠThe	 ﾠamplitude	 ﾠof	 ﾠstimulation	 ﾠwas	 ﾠincreased	 ﾠuntil	 ﾠa	 ﾠresponse	 ﾠwas	 ﾠseen	 ﾠor	 ﾠthe	 ﾠstimulating	 ﾠ
device	 ﾠbecame	 ﾠsaturated	 ﾠ(1	 ﾠmA).	 ﾠAreas	 ﾠof	 ﾠresponse	 ﾠwere	 ﾠcategorized	 ﾠbased	 ﾠon	 ﾠvisual	 ﾠobservation	 ﾠof	 ﾠ
twitches	 ﾠ and	 ﾠ jerks	 ﾠ and	 ﾠ related	 ﾠ to	 ﾠ the	 ﾠ position	 ﾠ in	 ﾠ motor	 ﾠ cortex	 ﾠ based	 ﾠ on	 ﾠ their	 ﾠ position	 ﾠ within	 ﾠ the	 ﾠ
craniotomy.	 ﾠ	 ﾠ
Gaba	 ﾠinactivation.	 ﾠGABA	 ﾠinactivation	 ﾠof	 ﾠmotor	 ﾠcortex	 ﾠwas	 ﾠachieved	 ﾠby	 ﾠinjecting	 ﾠ50nl	 ﾠ100mM	 ﾠGABA	 ﾠ
(Sigma)	 ﾠthrough	 ﾠa	 ﾠglass	 ﾠinjection	 ﾠ(Drummond)	 ﾠneedle	 ﾠat	 ﾠ100nl/min	 ﾠinto	 ﾠa	 ﾠbehaving	 ﾠmouse.	 ﾠWell	 ﾠtrained	 ﾠ
animals	 ﾠwere	 ﾠused	 ﾠand	 ﾠGABA	 ﾠinfusion	 ﾠperformed	 ﾠduring	 ﾠbouts	 ﾠof	 ﾠactivity,	 ﾠafter	 ﾠthe	 ﾠanimal	 ﾠhad	 ﾠbeen	 ﾠ
successfully	 ﾠgetting	 ﾠrewards	 ﾠfor	 ﾠat	 ﾠleast	 ﾠ3	 ﾠminutes.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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ROC	 ﾠanalysis.	 ﾠFor	 ﾠthe	 ﾠROC	 ﾠanalysis	 ﾠall	 ﾠspiking	 ﾠdata	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠrecording	 ﾠwas	 ﾠsummed	 ﾠtogether	 ﾠand	 ﾠ
binned	 ﾠat	 ﾠ200ms.	 ﾠIf	 ﾠa	 ﾠpress	 ﾠwas	 ﾠdetected	 ﾠat	 ﾠany	 ﾠtime	 ﾠin	 ﾠa	 ﾠgiven	 ﾠbin	 ﾠthat	 ﾠbin	 ﾠwould	 ﾠbe	 ﾠclassified	 ﾠa	 ﾠpress	 ﾠ
bin.	 ﾠThe	 ﾠtrue	 ﾠpositive	 ﾠrate	 ﾠis	 ﾠcalculated	 ﾠas	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠpress	 ﾠbins	 ﾠthat	 ﾠhave	 ﾠa	 ﾠsummed	 ﾠspike	 ﾠrate	 ﾠ
greater	 ﾠthan	 ﾠthe	 ﾠthreshold;	 ﾠfalse	 ﾠpositive	 ﾠrate	 ﾠis	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠnon-ﾭ‐press	 ﾠbins	 ﾠthat	 ﾠhave	 ﾠa	 ﾠsummed	 ﾠspike	 ﾠ
rate	 ﾠgreater	 ﾠthan	 ﾠthe	 ﾠthreshold.	 ﾠAll	 ﾠthresholds	 ﾠfrom	 ﾠ0	 ﾠspikes/bin	 ﾠto	 ﾠthe	 ﾠmaximum	 ﾠobserved	 ﾠspikes/bin	 ﾠ
were	 ﾠtested	 ﾠand	 ﾠplotted	 ﾠin	 ﾠFig	 ﾠ2.6b.	 ﾠ
Latency	 ﾠanalysis.	 ﾠLatency	 ﾠwas	 ﾠcalculated	 ﾠsimilar	 ﾠto	 ﾠFreeze	 ﾠet	 ﾠal	 ﾠ2013.	 ﾠEach	 ﾠunit’s	 ﾠfiring	 ﾠactivity	 ﾠwas	 ﾠ
binned	 ﾠin	 ﾠ50ms	 ﾠbins	 ﾠand	 ﾠaligned	 ﾠto	 ﾠthe	 ﾠtime	 ﾠof	 ﾠthe	 ﾠlight	 ﾠtransition.	 ﾠA	 ﾠ1.5s	 ﾠbaseline	 ﾠperiod	 ﾠwas	 ﾠdefined	 ﾠ
immediately	 ﾠprior	 ﾠto	 ﾠthe	 ﾠlight	 ﾠtransition,	 ﾠfrom	 ﾠwhich	 ﾠa	 ﾠmean	 ﾠand	 ﾠstandard	 ﾠdeviation	 ﾠof	 ﾠfiring	 ﾠrate	 ﾠwas	 ﾠ
defined.	 ﾠThe	 ﾠlatency	 ﾠto	 ﾠchange	 ﾠwas	 ﾠdefined	 ﾠas	 ﾠthe	 ﾠfirst	 ﾠ50ms	 ﾠbin	 ﾠafter	 ﾠthe	 ﾠlight	 ﾠtransition	 ﾠto	 ﾠbe	 ﾠ>	 ﾠor	 ﾠ<	 ﾠ2	 ﾠ
standard	 ﾠdeviations	 ﾠfrom	 ﾠthe	 ﾠbaseline	 ﾠfiring	 ﾠrate.	 ﾠUnits	 ﾠthat	 ﾠdid	 ﾠnot	 ﾠreach	 ﾠa	 ﾠsignificant	 ﾠlevel	 ﾠby	 ﾠ500ms	 ﾠ
were	 ﾠexcluded	 ﾠfrom	 ﾠanalysis.	 ﾠ	 ﾠ
Statistical	 ﾠ Analysis.	 ﾠ All	 ﾠ error	 ﾠ bars	 ﾠ are	 ﾠ mean	 ﾠ +/-ﾭ‐	 ﾠ SEM	 ﾠ unless	 ﾠ otherwise	 ﾠ noted.	 ﾠ All	 ﾠ statistical	 ﾠ tests	 ﾠ
performed	 ﾠwere	 ﾠnon-ﾭ‐parametric	 ﾠtests	 ﾠand	 ﾠwere	 ﾠconstructed	 ﾠas	 ﾠmatched	 ﾠpairs	 ﾠwhen	 ﾠpossible	 ﾠto	 ﾠremove	 ﾠ
differences	 ﾠbetween	 ﾠunit’s	 ﾠfiring	 ﾠrates.	 ﾠ	 ﾠFor	 ﾠall	 ﾠelectrophysiological	 ﾠrecordings	 ﾠmore	 ﾠthan	 ﾠ75	 ﾠunits	 ﾠwere	 ﾠ
recorded	 ﾠfor	 ﾠeach	 ﾠcondition.	 ﾠAn	 ﾠexplicit	 ﾠpower	 ﾠanalysis	 ﾠwas	 ﾠnot	 ﾠperformed	 ﾠprior	 ﾠto	 ﾠexperimentation,	 ﾠbut	 ﾠ
sample	 ﾠsizes	 ﾠwere	 ﾠdetermined	 ﾠbased	 ﾠon	 ﾠcommunication	 ﾠwith	 ﾠexperts	 ﾠand	 ﾠcomparison	 ﾠto	 ﾠother	 ﾠsimilar	 ﾠ
published	 ﾠwork.	 ﾠNo	 ﾠrandomization	 ﾠor	 ﾠblinding	 ﾠwas	 ﾠneeded	 ﾠin	 ﾠthis	 ﾠwork.	 ﾠ
Units	 ﾠ were	 ﾠ typically	 ﾠ only	 ﾠ excluded	 ﾠ during	 ﾠ the	 ﾠ sorting	 ﾠ phase	 ﾠ based	 ﾠ on	 ﾠ waveform,	 ﾠ if	 ﾠ the	 ﾠ cluster	 ﾠ
appeared	 ﾠto	 ﾠbe	 ﾠwithin	 ﾠthe	 ﾠnoise	 ﾠcluster.	 ﾠFor	 ﾠthe	 ﾠlatency	 ﾠanalysis,	 ﾠunits	 ﾠwere	 ﾠexcluded	 ﾠif	 ﾠno	 ﾠsignificant	 ﾠ
change	 ﾠin	 ﾠlatency	 ﾠwas	 ﾠdetected	 ﾠwithin	 ﾠ500ms;	 ﾠthis	 ﾠthreshold	 ﾠwas	 ﾠdetermined	 ﾠprior	 ﾠto	 ﾠanalysis.	 ﾠFor	 ﾠthe	 ﾠ
depth	 ﾠanalysis	 ﾠ(Fig	 ﾠ2.4d),	 ﾠone	 ﾠrecording	 ﾠ(16	 ﾠunits)	 ﾠlacked	 ﾠdepth	 ﾠinformation	 ﾠand	 ﾠwas	 ﾠexcluded.	 ﾠIn	 ﾠthe	 ﾠ
graphs	 ﾠin	 ﾠfigure	 ﾠ2.5A,B,	 ﾠunits	 ﾠwere	 ﾠexcluded	 ﾠif	 ﾠthere	 ﾠwere	 ﾠless	 ﾠthan	 ﾠ30	 ﾠspikes	 ﾠdetected	 ﾠin	 ﾠthe	 ﾠtotal	 ﾠ	 ﾠ
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number	 ﾠof	 ﾠbaseline	 ﾠperiods	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠclass	 ﾠof	 ﾠresult	 ﾠ(i.e.	 ﾠfailure	 ﾠtrial,	 ﾠsuccess	 ﾠtrial,	 ﾠor	 ﾠuncued	 ﾠpress),	 ﾠas	 ﾠ
this	 ﾠresulted	 ﾠin	 ﾠan	 ﾠunreliable	 ﾠamount	 ﾠof	 ﾠdata	 ﾠand	 ﾠnoise.	 ﾠThis	 ﾠwas	 ﾠmost	 ﾠproblematic	 ﾠin	 ﾠthe	 ﾠSuccess	 ﾠtrial	 ﾠ
with	 ﾠiSPN	 ﾠactivation,	 ﾠas	 ﾠduring	 ﾠstimulation	 ﾠmice	 ﾠperformed	 ﾠvery	 ﾠpoorly	 ﾠlimiting	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠtrials	 ﾠ
obtainable.	 ﾠThis	 ﾠwas	 ﾠdetermined	 ﾠafter	 ﾠdata	 ﾠcollection,	 ﾠbut	 ﾠinclusion	 ﾠof	 ﾠthese	 ﾠresults	 ﾠdoes	 ﾠnot	 ﾠchange	 ﾠthe	 ﾠ
interpretation	 ﾠof	 ﾠthem.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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3.1	 ﾠAbstract:	 ﾠ
	 ﾠ The	 ﾠbasal	 ﾠganglia	 ﾠ(BG)	 ﾠare	 ﾠa	 ﾠphylogenetically	 ﾠconserved	 ﾠset	 ﾠof	 ﾠsubcortical	 ﾠnuclei	 ﾠnecessary	 ﾠfor	 ﾠ
coordinated	 ﾠmotor	 ﾠaction	 ﾠand	 ﾠreward	 ﾠlearning(Yin	 ﾠ&	 ﾠKnowlton	 ﾠ2006).	 ﾠ	 ﾠAccepted	 ﾠmodels	 ﾠpostulate	 ﾠthat	 ﾠ
the	 ﾠBG	 ﾠmodulate	 ﾠcerebral	 ﾠcortex	 ﾠindirectly	 ﾠvia	 ﾠan	 ﾠinhibitory	 ﾠoutput	 ﾠto	 ﾠthalamus,	 ﾠbidirectionally	 ﾠ
controlled	 ﾠfrom	 ﾠwithin	 ﾠthe	 ﾠBG	 ﾠby	 ﾠstriatal	 ﾠdirect	 ﾠ(dSPNs)	 ﾠand	 ﾠindirect	 ﾠ(iSPNs)	 ﾠpathways	 ﾠspiny	 ﾠ
neurons(Smith	 ﾠet	 ﾠal.	 ﾠ1998;	 ﾠKravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠFreeze	 ﾠet	 ﾠal.	 ﾠ2013).	 ﾠThis	 ﾠthalamic	 ﾠoutput	 ﾠsculpts	 ﾠcortical	 ﾠ
activity	 ﾠby	 ﾠinteracting	 ﾠwith	 ﾠsignals	 ﾠfrom	 ﾠthe	 ﾠsensory	 ﾠand	 ﾠmotor	 ﾠsystems	 ﾠ(Goldberg	 ﾠet	 ﾠal.	 ﾠ2013).	 ﾠ	 ﾠHere	 ﾠwe	 ﾠ
describe	 ﾠa	 ﾠdirect	 ﾠprojection	 ﾠfrom	 ﾠthe	 ﾠglobus	 ﾠpallidus	 ﾠexterna	 ﾠ(GP),	 ﾠa	 ﾠcentral	 ﾠnucleus	 ﾠof	 ﾠthe	 ﾠBG,	 ﾠto	 ﾠfrontal	 ﾠ
regions	 ﾠof	 ﾠthe	 ﾠcerebral	 ﾠcortex.	 ﾠTwo	 ﾠcell	 ﾠtypes	 ﾠmake	 ﾠup	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection,	 ﾠdistinguished	 ﾠby	 ﾠtheir	 ﾠ
electrophysiological	 ﾠproperties,	 ﾠcortical	 ﾠprojection	 ﾠpatterns	 ﾠand	 ﾠexpression	 ﾠof	 ﾠcholine	 ﾠacyteltransferase	 ﾠ
(ChAT),	 ﾠa	 ﾠgenetic	 ﾠmarker	 ﾠfor	 ﾠthe	 ﾠneurotransmitter	 ﾠacetylcholine.	 ﾠDespite	 ﾠthese	 ﾠdifferences,	 ﾠChAT+	 ﾠcells,	 ﾠ
which	 ﾠhave	 ﾠhistorically	 ﾠbeen	 ﾠidentified	 ﾠas	 ﾠan	 ﾠextension	 ﾠof	 ﾠthe	 ﾠnucleus	 ﾠBasalis,	 ﾠas	 ﾠwell	 ﾠas	 ﾠChAT-ﾭ‐	 ﾠcells,	 ﾠ
release	 ﾠthe	 ﾠinhibitory	 ﾠneurotransmitter	 ﾠGABA	 ﾠ(γ-ﾭ‐aminobutyric	 ﾠacid)	 ﾠand	 ﾠare	 ﾠinhibited	 ﾠby	 ﾠiSPNs	 ﾠand	 ﾠ
dSPNs	 ﾠof	 ﾠdorsal	 ﾠstriatum.	 ﾠThus	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠaffect	 ﾠfrontal	 ﾠcortical	 ﾠactivity	 ﾠvia	 ﾠa	 ﾠdirect	 ﾠ
GABAergic/Cholinergic	 ﾠprojection	 ﾠunder	 ﾠthe	 ﾠunidirectional	 ﾠcontrol	 ﾠof	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways.	 ﾠ
Since	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠreceive	 ﾠdopamine	 ﾠsensitive	 ﾠinhibition	 ﾠfrom	 ﾠiSPNs	 ﾠand	 ﾠdSPNs,	 ﾠthis	 ﾠcircuit	 ﾠreveals	 ﾠa	 ﾠ
pathway	 ﾠby	 ﾠwhich	 ﾠdrugs	 ﾠthat	 ﾠtarget	 ﾠdopamine	 ﾠreceptors	 ﾠfor	 ﾠthe	 ﾠtreatment	 ﾠof	 ﾠneuropsychiatric	 ﾠdisorders	 ﾠ
can	 ﾠact	 ﾠin	 ﾠthe	 ﾠBG	 ﾠyet	 ﾠmodulate	 ﾠfrontal	 ﾠcortices.	 ﾠ	 ﾠ
	 ﾠ
3.2	 ﾠIntroduction	 ﾠ
	 ﾠ iSPNs	 ﾠof	 ﾠdorsal	 ﾠstriatum	 ﾠare	 ﾠthe	 ﾠmajor	 ﾠdopamine	 ﾠ2	 ﾠreceptor	 ﾠ(D2r)	 ﾠexpressing	 ﾠcells	 ﾠin	 ﾠthe	 ﾠbrain	 ﾠ
and	 ﾠ project	 ﾠ extra-ﾭ‐striatal	 ﾠ axons	 ﾠ exclusively	 ﾠ to	 ﾠ the	 ﾠ globus	 ﾠ pallidus	 ﾠ externa	 ﾠ (GP).	 ﾠ 	 ﾠ This	 ﾠ connectivity	 ﾠ
suggests	 ﾠthe	 ﾠtherapeutic	 ﾠeffects	 ﾠof	 ﾠdrugs	 ﾠthat	 ﾠtarget	 ﾠD2rs	 ﾠto	 ﾠtreat	 ﾠSchizophrenia,	 ﾠbipolar	 ﾠdisorder	 ﾠand	 ﾠ	 ﾠ
	 ﾠ
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obsessive	 ﾠ compulsive	 ﾠ disorder,	 ﾠ likely	 ﾠ affect	 ﾠ GP	 ﾠ circuits.	 ﾠ In	 ﾠ humans,	 ﾠ the	 ﾠ GP	 ﾠ is	 ﾠ one	 ﾠ of	 ﾠ the	 ﾠ most	 ﾠ
transcriptionally	 ﾠdistinctive	 ﾠregions	 ﾠof	 ﾠthe	 ﾠbrain	 ﾠ(Hawrylycz	 ﾠet	 ﾠal.	 ﾠ2012),	 ﾠyet	 ﾠhow	 ﾠthis	 ﾠmolecular	 ﾠdiversity	 ﾠ
maps	 ﾠonto	 ﾠfunctionally	 ﾠdistinct	 ﾠcell	 ﾠtypes	 ﾠis	 ﾠunclear.	 ﾠThe	 ﾠanatomy	 ﾠof	 ﾠprojection	 ﾠaxons,	 ﾠintrinsic	 ﾠfiring	 ﾠ
properties,	 ﾠand	 ﾠsynaptically	 ﾠreleased	 ﾠneurotransmitters	 ﾠoften	 ﾠdistinguish	 ﾠneuron	 ﾠtypes	 ﾠand	 ﾠdetermine	 ﾠ
the	 ﾠfunction	 ﾠof	 ﾠeach	 ﾠtype	 ﾠin	 ﾠcontrolling	 ﾠneuronal	 ﾠcircuitry	 ﾠand	 ﾠbehavior.	 ﾠ	 ﾠPrevious	 ﾠstudies	 ﾠgenerally	 ﾠ
describe	 ﾠthat	 ﾠGP	 ﾠneurons	 ﾠare	 ﾠspontaneously	 ﾠactive,	 ﾠproject	 ﾠto	 ﾠall	 ﾠnuclei	 ﾠof	 ﾠthe	 ﾠBG	 ﾠand	 ﾠthalamus	 ﾠ(Takada	 ﾠ
et	 ﾠal.	 ﾠ1986),	 ﾠand	 ﾠrelease	 ﾠthe	 ﾠneurotransmitter	 ﾠGABA	 ﾠ(Kita	 ﾠ2007).	 ﾠ	 ﾠThus	 ﾠthe	 ﾠGP	 ﾠis	 ﾠthought	 ﾠto	 ﾠcoordinate	 ﾠ
subcortical	 ﾠactivity	 ﾠthrough	 ﾠinhibition	 ﾠ(Bevan	 ﾠet	 ﾠal.	 ﾠ2002;	 ﾠChan	 ﾠet	 ﾠal.	 ﾠ2005).	 ﾠ	 ﾠ
In	 ﾠcontrast	 ﾠto	 ﾠthis	 ﾠaccepted	 ﾠfunction,	 ﾠanatomical	 ﾠstudies	 ﾠacross	 ﾠspecies	 ﾠhave	 ﾠidentified	 ﾠChAT
+	 ﾠ
neurons	 ﾠin	 ﾠand	 ﾠaround	 ﾠthe	 ﾠGP	 ﾠthat	 ﾠproject	 ﾠto	 ﾠcortex	 ﾠ(Saper	 ﾠ&	 ﾠChelimsky	 ﾠ1984;	 ﾠMesulam	 ﾠet	 ﾠal.	 ﾠ1984;	 ﾠ
McKinney	 ﾠet	 ﾠal.	 ﾠ1983)	 ﾠThese	 ﾠcells	 ﾠhave	 ﾠbeen	 ﾠassumed	 ﾠto	 ﾠbe	 ﾠan	 ﾠextension	 ﾠof	 ﾠthe	 ﾠadjacent	 ﾠnucleus	 ﾠbasalis	 ﾠ
(NB),	 ﾠ associated	 ﾠ with	 ﾠ the	 ﾠ limbic	 ﾠ functions	 ﾠ of	 ﾠ the	 ﾠ basal	 ﾠ forebrain	 ﾠ and	 ﾠ not	 ﾠ the	 ﾠ motor,	 ﾠ sensory	 ﾠ and	 ﾠ
cognitive	 ﾠfunctions	 ﾠof	 ﾠthe	 ﾠBG	 ﾠ(Heimer	 ﾠet	 ﾠal.	 ﾠ2007).	 ﾠHowever,	 ﾠseveral	 ﾠlines	 ﾠof	 ﾠevidence	 ﾠsuggest	 ﾠthey	 ﾠmay	 ﾠ
be	 ﾠpart	 ﾠof	 ﾠGP.	 ﾠ	 ﾠAnatomically,	 ﾠChAT
+	 ﾠGP	 ﾠcells	 ﾠappear	 ﾠto	 ﾠbe	 ﾠinnervated	 ﾠby	 ﾠSPNs	 ﾠfrom	 ﾠdorsal	 ﾠstriatum	 ﾠ
(Grove	 ﾠet	 ﾠal.	 ﾠ1986)	 ﾠdespite	 ﾠthe	 ﾠrarity	 ﾠof	 ﾠiSPN-ﾭ‐identified	 ﾠsynapses	 ﾠat	 ﾠthe	 ﾠultrastructural	 ﾠlevel	 ﾠ(Chang	 ﾠet	 ﾠal.	 ﾠ
1987).	 ﾠ	 ﾠFunctionally,	 ﾠin	 ﾠvivo	 ﾠmacaque	 ﾠrecordings	 ﾠdescribed	 ﾠGP	 ﾠneurons	 ﾠwith	 ﾠNB-ﾭ‐like	 ﾠfiring	 ﾠproperties	 ﾠthat	 ﾠ
were	 ﾠresponsive	 ﾠto	 ﾠreward	 ﾠ(DeLong	 ﾠ1971),	 ﾠa	 ﾠcomputation	 ﾠattributed	 ﾠto	 ﾠthe	 ﾠBG	 ﾠ(Schultz	 ﾠet	 ﾠal.	 ﾠ2003).	 ﾠ	 ﾠ
Behaviorally,	 ﾠ humans	 ﾠ with	 ﾠ lesions	 ﾠ of	 ﾠ the	 ﾠ GP	 ﾠ exhibit	 ﾠ reduced	 ﾠ metabolism	 ﾠ in	 ﾠ frontal	 ﾠ cortices	 ﾠ and	 ﾠ
psychiatric	 ﾠsymptoms	 ﾠreminiscent	 ﾠof	 ﾠpatients	 ﾠwith	 ﾠfronto-ﾭ‐temporal	 ﾠlobe	 ﾠdamage,	 ﾠconsistent	 ﾠwith	 ﾠloss	 ﾠof	 ﾠ
extrinsic	 ﾠinput	 ﾠ(Laplane	 ﾠet	 ﾠal.	 ﾠ1989).	 ﾠ	 ﾠTherefore	 ﾠwe	 ﾠasked	 ﾠwhether	 ﾠthe	 ﾠGP	 ﾠcontains	 ﾠa	 ﾠprojection	 ﾠsystem	 ﾠ
to	 ﾠfrontal	 ﾠcortex	 ﾠ(FC)	 ﾠthat	 ﾠis	 ﾠintegrated	 ﾠinto	 ﾠBG	 ﾠcircuitry.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
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3.3	 ﾠResults	 ﾠ
3.3.1	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠ
	 ﾠ Since	 ﾠ the	 ﾠ GP	 ﾠ is	 ﾠ the	 ﾠ sole	 ﾠ innervation	 ﾠ target	 ﾠ of	 ﾠ D2r	 ﾠ expressing	 ﾠ iSPNs	 ﾠ of	 ﾠ the	 ﾠ striatum,	 ﾠ we	 ﾠ
performed	 ﾠretrograde	 ﾠlabeling	 ﾠby	 ﾠinjecting	 ﾠfluorescent	 ﾠmicrospheres	 ﾠ(retro	 ﾠbeads)	 ﾠinto	 ﾠthe	 ﾠFC	 ﾠof	 ﾠDrd2-ﾭ‐
EGFP	 ﾠmice	 ﾠto	 ﾠidentify	 ﾠFC	 ﾠprojection	 ﾠneurons	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠthe	 ﾠanatomical	 ﾠborders	 ﾠof	 ﾠthe	 ﾠGP	 ﾠ(Fig.	 ﾠ3.1a).	 ﾠ	 ﾠ
Retro	 ﾠbead
+	 ﾠcells	 ﾠwere	 ﾠfound	 ﾠwithin	 ﾠthe	 ﾠGP	 ﾠand	 ﾠclustered	 ﾠon	 ﾠthe	 ﾠGP/NB	 ﾠand	 ﾠGP/striatum	 ﾠborders	 ﾠ(Fig.	 ﾠ
3.1b).	 ﾠ	 ﾠ
To	 ﾠinvestigate	 ﾠif	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠuse	 ﾠGABA	 ﾠor	 ﾠacetylcholine	 ﾠas	 ﾠa	 ﾠneurotransmitter,	 ﾠwe	 ﾠrepeated	 ﾠretrograde	 ﾠ
labeling	 ﾠin	 ﾠVGAT-ﾭ‐i-ﾭ‐Cre/+;lsl-ﾭ‐zsGreen
fl/+	 ﾠmice	 ﾠwhere	 ﾠcells	 ﾠexpressing	 ﾠthe	 ﾠvesicular	 ﾠGABA	 ﾠtransporter	 ﾠ(vgat,	 ﾠ
encoded	 ﾠby	 ﾠSlc32a1)	 ﾠare	 ﾠfluorescently	 ﾠlabeled	 ﾠand	 ﾠimmunostained	 ﾠfor	 ﾠChAT	 ﾠ(Fig.	 ﾠ3.1c).	 ﾠAll	 ﾠretrobead
+	 ﾠGP	 ﾠ
cells	 ﾠwere	 ﾠvgat
+	 ﾠ(n=159	 ﾠof	 ﾠ159	 ﾠcells),	 ﾠwhereas	 ﾠ72%	 ﾠwere	 ﾠChAT
+	 ﾠ(n=215	 ﾠof	 ﾠ300	 ﾠcells)	 ﾠand	 ﾠ28%	 ﾠChAT
-ﾭ‐	 ﾠ(n=85	 ﾠ
of	 ﾠ300	 ﾠcells)	 ﾠ(Fig.	 ﾠ3.1d).	 ﾠBased	 ﾠon	 ﾠubiquitous	 ﾠvgat	 ﾠbut	 ﾠdifferential	 ﾠChAT	 ﾠexpression,	 ﾠwe	 ﾠconclude	 ﾠthat	 ﾠthe	 ﾠ
GP-ﾭ‐FC	 ﾠprojection	 ﾠconsists	 ﾠof	 ﾠtwo	 ﾠmolecularly	 ﾠdistinct	 ﾠcell	 ﾠtypes	 ﾠ(Rye	 ﾠet	 ﾠal.	 ﾠ1984)	 ﾠ(hereafter	 ﾠChAT+	 ﾠand	 ﾠ
ChAT-ﾭ‐	 ﾠ cells)	 ﾠ and	 ﾠ that	 ﾠ ChAT
+	 ﾠ cells	 ﾠ of	 ﾠ the	 ﾠ adjacent	 ﾠ NB	 ﾠ express	 ﾠ a	 ﾠ GABAergic	 ﾠ marker,	 ﾠ consistent	 ﾠ with	 ﾠ
previous	 ﾠtranscriptional	 ﾠanalysis	 ﾠ(Tkatch	 ﾠet	 ﾠal.	 ﾠ1998).	 ﾠChAT
-ﾭ‐	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠdid	 ﾠnot	 ﾠexpress	 ﾠthe	 ﾠcalcium	 ﾠ
binding	 ﾠprotein	 ﾠparvalbumin	 ﾠ(PV)	 ﾠ(Sup	 ﾠFig.	 ﾠ3.1),	 ﾠconsistent	 ﾠwith	 ﾠfinding	 ﾠthat	 ﾠPV
+	 ﾠGP	 ﾠneurons	 ﾠprojecting	 ﾠ
to	 ﾠposterior	 ﾠBG	 ﾠnuclei	 ﾠ(Mallet	 ﾠet	 ﾠal.	 ﾠ2012)	 ﾠand	 ﾠdistinguishing	 ﾠChAT
-ﾭ‐	 ﾠGP-ﾭ‐FC	 ﾠthese	 ﾠcells	 ﾠfrom	 ﾠother	 ﾠnon-ﾭ‐
cholinergic	 ﾠcortical	 ﾠprojecting	 ﾠcells	 ﾠfound	 ﾠacross	 ﾠthe	 ﾠbasal	 ﾠforebrain	 ﾠ(Henny	 ﾠ&	 ﾠJones	 ﾠ2008;	 ﾠSarter	 ﾠ&	 ﾠJ.	 ﾠP.	 ﾠ
Bruno	 ﾠ2002).	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ3.1.	 ﾠThe	 ﾠGlobus	 ﾠPallidus	 ﾠ(GP)	 ﾠand	 ﾠbordering	 ﾠnucleus	 ﾠBasalis	 ﾠ(NB)	 ﾠcontain	 ﾠtwo	 ﾠGABAergic	 ﾠcell	 ﾠ
types	 ﾠthat	 ﾠproject	 ﾠto	 ﾠfrontal	 ﾠcortex.	 ﾠ	 ﾠ	 ﾠ
(A)	 ﾠLeft,	 ﾠsagittal	 ﾠsection	 ﾠfrom	 ﾠa	 ﾠDrd2-ﾭ‐EGFP	 ﾠmouse	 ﾠinjected	 ﾠwith	 ﾠretro	 ﾠbeads	 ﾠ(red)	 ﾠinto	 ﾠfrontal	 ﾠcortices	 ﾠ(FC),	 ﾠwhich	 ﾠ
include	 ﾠdorsal	 ﾠand	 ﾠventral	 ﾠagranular	 ﾠinsular	 ﾠcortex,	 ﾠas	 ﾠwell	 ﾠas	 ﾠanterior	 ﾠregions	 ﾠof	 ﾠprimary	 ﾠmotor,	 ﾠsecondary	 ﾠmotor	 ﾠ
and	 ﾠprimary	 ﾠsensory	 ﾠcortex.	 ﾠ	 ﾠEGFP	 ﾠ(green)	 ﾠis	 ﾠexpressed	 ﾠin	 ﾠiSPNs	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠ(Str).	 ﾠ	 ﾠiSPN	 ﾠaxonal	 ﾠprojections	 ﾠ
arborize	 ﾠin	 ﾠthe	 ﾠGP	 ﾠand	 ﾠdefine	 ﾠits	 ﾠanatomical	 ﾠboundaries.	 ﾠDAPI	 ﾠ(blue),	 ﾠnuclear	 ﾠstain.	 ﾠ	 ﾠRight,	 ﾠhigher	 ﾠmagnification	 ﾠ
view	 ﾠ of	 ﾠ the	 ﾠ GP	 ﾠ from	 ﾠ a	 ﾠ single,	 ﾠ more	 ﾠ medial	 ﾠ section	 ﾠ from	 ﾠ the	 ﾠ same	 ﾠ mouse.	 ﾠ Retrobead+	 ﾠ neurons	 ﾠ (inset	 ﾠ and	 ﾠ
highlighted	 ﾠwith	 ﾠcircles)	 ﾠare	 ﾠlocated	 ﾠin	 ﾠthe	 ﾠGP	 ﾠand	 ﾠaround	 ﾠthe	 ﾠGP/NB	 ﾠborder.	 ﾠac,	 ﾠanterior	 ﾠcommissure;	 ﾠVP,	 ﾠventral	 ﾠ
pallidum.	 ﾠ	 ﾠ	 ﾠ
(B)	 ﾠOverlaid	 ﾠlocations	 ﾠof	 ﾠretrobead+	 ﾠcells	 ﾠin	 ﾠthe	 ﾠcentral	 ﾠ~300	 ﾠμm	 ﾠ(medial-ﾭ‐lateral	 ﾠaxis)	 ﾠof	 ﾠGP	 ﾠfrom	 ﾠseparate	 ﾠFC	 ﾠ
injections	 ﾠ(n=3	 ﾠmice).	 ﾠ	 ﾠ	 ﾠ
(C)	 ﾠ FC	 ﾠ retro	 ﾠ bead	 ﾠ labeling	 ﾠ in	 ﾠ VGAT-ﾭ‐i-ﾭ‐Cre/+;lsl-ﾭ‐zsGreenfl/+	 ﾠ mice	 ﾠ followed	 ﾠ by	 ﾠ ChAT	 ﾠ immunostaining	 ﾠ (magenta)	 ﾠ
demonstrates	 ﾠthat	 ﾠall	 ﾠretrobead+	 ﾠGP	 ﾠcells	 ﾠ(red)	 ﾠare	 ﾠVGAT-ﾭ‐i-ﾭ‐Cre+	 ﾠ(green)	 ﾠwhile	 ﾠsome	 ﾠretrobead+	 ﾠcells	 ﾠare	 ﾠalso	 ﾠ
ChAT+	 ﾠ(solid	 ﾠcircles)	 ﾠand	 ﾠothers	 ﾠare	 ﾠChAT-ﾭ‐	 ﾠ(dashed	 ﾠcircles).	 ﾠTop,	 ﾠlow	 ﾠmagnification	 ﾠsagittal	 ﾠview	 ﾠof	 ﾠthe	 ﾠGP.	 ﾠBottom,	 ﾠ
a	 ﾠsingle	 ﾠconfocal	 ﾠplane	 ﾠfrom	 ﾠa	 ﾠstack	 ﾠused	 ﾠto	 ﾠquantify	 ﾠmarker	 ﾠcolocalization.	 ﾠ	 ﾠ
(D)	 ﾠSummary	 ﾠof	 ﾠco-ﾭ‐expression	 ﾠof	 ﾠVGAT-ﾭ‐i-ﾭ‐Cre	 ﾠ(n=3	 ﾠmice)	 ﾠand/or	 ﾠChAT	 ﾠ(n=5	 ﾠmice)	 ﾠin	 ﾠretrobead+	 ﾠGP	 ﾠneurons.	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ3.1.	 ﾠ(Continued):	 ﾠThe	 ﾠGlobus	 ﾠPallidus	 ﾠ(GP)	 ﾠand	 ﾠbordering	 ﾠnucleus	 ﾠBasalis	 ﾠ(NB)	 ﾠcontain	 ﾠtwo	 ﾠ
GABAergic	 ﾠcell	 ﾠtypes	 ﾠthat	 ﾠproject	 ﾠto	 ﾠfrontal	 ﾠcortex.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
52	 ﾠ
3.3.2	 ﾠTargets	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠ
	 ﾠ To	 ﾠdetermine	 ﾠif	 ﾠChAT-ﾭ‐	 ﾠand	 ﾠChAT+	 ﾠcells	 ﾠhave	 ﾠdistinct	 ﾠcircuit	 ﾠfunctions,	 ﾠwe	 ﾠcompared	 ﾠtheir	 ﾠcortical	 ﾠ
projection	 ﾠpatterns	 ﾠand	 ﾠelectrophysiological	 ﾠproperties.	 ﾠ	 ﾠDifferential	 ﾠlabeling	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠin	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠ
mice	 ﾠwas	 ﾠaccomplished	 ﾠusing	 ﾠrAAVs	 ﾠto	 ﾠdifferentially	 ﾠexpress	 ﾠfluorophores	 ﾠin	 ﾠintermingled	 ﾠCre+	 ﾠand	 ﾠCre-ﾭ‐	 ﾠ
neurons	 ﾠ(Saunders	 ﾠet	 ﾠal.	 ﾠ2012)	 ﾠ(Sup	 ﾠFig.	 ﾠ3.2a-ﾭ‐f).	 ﾠThe	 ﾠbrains	 ﾠof	 ﾠmice	 ﾠwith	 ﾠinjections	 ﾠof	 ﾠrAAVs	 ﾠconfined	 ﾠto	 ﾠ
the	 ﾠGP	 ﾠand	 ﾠadjacent	 ﾠNB	 ﾠwere	 ﾠreconstructed	 ﾠin	 ﾠthree-ﾭ‐dimensions	 ﾠin	 ﾠorder	 ﾠto	 ﾠmeasure	 ﾠaxonal	 ﾠdensities	 ﾠ
across	 ﾠcortical	 ﾠareas	 ﾠand	 ﾠlayers	 ﾠ(n=2	 ﾠmice)	 ﾠ(Fig.	 ﾠ3.2a,b).	 ﾠ	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠcells	 ﾠsend	 ﾠa	 ﾠpronounced	 ﾠ
projection	 ﾠto	 ﾠFC,	 ﾠtargeting	 ﾠdifferent	 ﾠbut	 ﾠoverlapping	 ﾠcortical	 ﾠareas	 ﾠand	 ﾠlayers	 ﾠ(Fig.	 ﾠ3.2c).	 ﾠ	 ﾠIn	 ﾠanterior	 ﾠ
primary	 ﾠ motor	 ﾠ cortex	 ﾠ (M1),	 ﾠ ChAT+	 ﾠ axons	 ﾠ arborize	 ﾠ in	 ﾠ layers	 ﾠ 1-ﾭ‐6,	 ﾠ most	 ﾠ densely	 ﾠ in	 ﾠ layers	 ﾠ 1	 ﾠ and	 ﾠ 2/3,	 ﾠ
whereas	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠarborize	 ﾠdensely	 ﾠin	 ﾠlayers	 ﾠ5	 ﾠand	 ﾠ6,	 ﾠsparsely	 ﾠin	 ﾠlayer	 ﾠ2/3	 ﾠand	 ﾠare	 ﾠabsent	 ﾠfrom	 ﾠlayer	 ﾠ
1.	 ﾠThis	 ﾠlayer	 ﾠdistribution	 ﾠis	 ﾠrepresentative	 ﾠof	 ﾠmost	 ﾠbut	 ﾠnot	 ﾠall	 ﾠcortical	 ﾠareas,	 ﾠincluding	 ﾠthe	 ﾠectorhinal	 ﾠ
cortices,	 ﾠwhich	 ﾠreceives	 ﾠa	 ﾠstrong	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠ(Sup	 ﾠFig	 ﾠ3.2g).	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠalso	 ﾠtarget	 ﾠdistinct	 ﾠbut	 ﾠ
overlapping	 ﾠsubcortical	 ﾠnuclei.	 ﾠChAT+	 ﾠcells	 ﾠarborize	 ﾠin	 ﾠthe	 ﾠthalamic	 ﾠreticular	 ﾠnucleus	 ﾠ(Rt),	 ﾠthe	 ﾠbasal	 ﾠ
lateral	 ﾠamygdala	 ﾠ(BLA)	 ﾠand	 ﾠthe	 ﾠsubstantia	 ﾠnigra	 ﾠreticulate	 ﾠ(SNr).	 ﾠChAT-ﾭ‐	 ﾠcells	 ﾠtarget	 ﾠthe	 ﾠexpected	 ﾠnuclei	 ﾠof	 ﾠ
the	 ﾠBG,	 ﾠthe	 ﾠstriatum	 ﾠ(Str),	 ﾠsubthalamic	 ﾠnucleus	 ﾠ(STN)	 ﾠand	 ﾠSubstantia	 ﾠNigra	 ﾠreticulata	 ﾠ(SNr),	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠ
BLA,	 ﾠlateral	 ﾠhabenula	 ﾠand	 ﾠthalamic	 ﾠRt	 ﾠand	 ﾠparafasicular	 ﾠnuclei	 ﾠ(Sup	 ﾠFig	 ﾠ3.2h).	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ3.2.	 ﾠGP-ﾭ‐FC	 ﾠaxons	 ﾠarborize	 ﾠin	 ﾠdistinct	 ﾠareas	 ﾠand	 ﾠlayers	 ﾠof	 ﾠfrontal	 ﾠcortex.	 ﾠ
(A)	 ﾠCoronal	 ﾠsections	 ﾠof	 ﾠa	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠmouse	 ﾠinjected	 ﾠin	 ﾠGP	 ﾠwith	 ﾠrAAVs	 ﾠDIO-ﾭ‐EGFP	 ﾠ(Cre-ﾭ‐On,	 ﾠmagenta)	 ﾠand	 ﾠFAS-ﾭ‐
tdTomato	 ﾠ(Cre-ﾭ‐Off,	 ﾠgreen)	 ﾠsampled	 ﾠfrom	 ﾠa	 ﾠwhole-ﾭ‐brain	 ﾠreconstruction.	 ﾠ	 ﾠThe	 ﾠinjection	 ﾠsite	 ﾠ(GP,	 ﾠshown	 ﾠin	 ﾠb)	 ﾠand	 ﾠ
anterior	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠ(M1,	 ﾠshown	 ﾠin	 ﾠc)	 ﾠare	 ﾠindicated	 ﾠalong	 ﾠwith	 ﾠthe	 ﾠBG.	 ﾠStr,	 ﾠstriatum;	 ﾠRt,	 ﾠthalamic	 ﾠreticular	 ﾠ
nucleus;	 ﾠSTN,	 ﾠsubthalamic	 ﾠnucleus;	 ﾠSNr,	 ﾠSubstantia	 ﾠNigra	 ﾠreticulata.	 ﾠ	 ﾠ	 ﾠ
(B)	 ﾠLeft,	 ﾠcoronal	 ﾠatlas.	 ﾠRight,	 ﾠinjection	 ﾠsite	 ﾠshowing	 ﾠChAT+	 ﾠ(Cre-ﾭ‐On)	 ﾠexpression	 ﾠlimited	 ﾠto	 ﾠGP	 ﾠand	 ﾠthe	 ﾠadjacent	 ﾠNB.	 ﾠ
ChAT-ﾭ‐	 ﾠ(Cre-ﾭ‐Off)	 ﾠexpression	 ﾠis	 ﾠlimited	 ﾠto	 ﾠGP	 ﾠwith	 ﾠslight	 ﾠleak	 ﾠin	 ﾠstriatum.	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠarborize	 ﾠin	 ﾠRt.	 ﾠ	 ﾠSI,	 ﾠ
substantia	 ﾠinnominata;	 ﾠNB,	 ﾠnucleus	 ﾠBasalis;	 ﾠic,	 ﾠinternal	 ﾠcapsule.	 ﾠ	 ﾠ
(C)	 ﾠLeft,	 ﾠdistribution	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠaxons	 ﾠacross	 ﾠlayers	 ﾠof	 ﾠanterior	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠ(M1).	 ﾠ	 ﾠRight,	 ﾠline	 ﾠscan	 ﾠof	 ﾠ
average	 ﾠfluorescence	 ﾠacross	 ﾠlayers,	 ﾠnormalized	 ﾠto	 ﾠpeak	 ﾠand	 ﾠbaseline	 ﾠsubtracted	 ﾠby	 ﾠwhite	 ﾠmatter	 ﾠsignal.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Elucidating	 ﾠhow	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠinfluence	 ﾠcortical	 ﾠactivity	 ﾠrequires	 ﾠdefining	 ﾠthe	 ﾠneurotransmitters	 ﾠ
released	 ﾠby	 ﾠeach	 ﾠcell	 ﾠtype	 ﾠand	 ﾠidentifying	 ﾠtheir	 ﾠpost-ﾭ‐synaptic	 ﾠtargets.	 ﾠ	 ﾠTo	 ﾠaddress	 ﾠthese	 ﾠquestions,	 ﾠwe	 ﾠ
introduced	 ﾠthe	 ﾠlight-ﾭ‐gated	 ﾠcation	 ﾠchannel	 ﾠchannelrhodopsin	 ﾠ(ChR2)	 ﾠselectively	 ﾠinto	 ﾠChAT-ﾭ‐	 ﾠor	 ﾠChAT+	 ﾠGP-ﾭ‐
FC	 ﾠcells	 ﾠusing	 ﾠCre-ﾭ‐activated	 ﾠor	 ﾠinactivated	 ﾠrAAVs	 ﾠ(Saunders	 ﾠet	 ﾠal.	 ﾠ2012)	 ﾠinjected	 ﾠinto	 ﾠthe	 ﾠGP	 ﾠand	 ﾠadjacent	 ﾠ
NB	 ﾠof	 ﾠChAT-ﾭ‐i-ﾭ‐Cre;GAD67-ﾭ‐GFP	 ﾠmice	 ﾠ(Fig.	 ﾠ3.3a).	 ﾠ	 ﾠTo	 ﾠcharacterize	 ﾠthe	 ﾠcurrents	 ﾠrecruited	 ﾠby	 ﾠGP-ﾭ‐FC	 ﾠaxon	 ﾠ	 ﾠ
	 ﾠ
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stimulation,	 ﾠ we	 ﾠ cut	 ﾠ acute	 ﾠ brain	 ﾠ slices	 ﾠ and	 ﾠ made	 ﾠ whole-ﾭ‐cell	 ﾠ voltage-ﾭ‐clamp	 ﾠ recordings	 ﾠ from	 ﾠ somata	 ﾠ
surrounded	 ﾠby	 ﾠ(<150	 ﾠmm)	 ﾠChR2
+	 ﾠaxons	 ﾠ(Fig.	 ﾠ3.3b).	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ3.3	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠrelease	 ﾠGABA	 ﾠand	 ﾠACh	 ﾠin	 ﾠfrontal	 ﾠcortex	 ﾠ(FC).	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
(A)	 ﾠIllustration	 ﾠof	 ﾠcortical	 ﾠ(ChAT+	 ﾠand	 ﾠChAT-ﾭ‐)	 ﾠand	 ﾠlocal	 ﾠ(ChAT+)	 ﾠGP-ﾭ‐FC	 ﾠaxons	 ﾠexpressing	 ﾠChR2-ﾭ‐mCherry	 ﾠafter	 ﾠrAAV	 ﾠ
transduction	 ﾠ in	 ﾠ ChAT	 ﾠ
i-ﾭ‐Cre/+	 ﾠ GP.	 ﾠLabeled	 ﾠareas	 ﾠwere	 ﾠtargeted	 ﾠfor	 ﾠpaired	 ﾠwhole-ﾭ‐cell	 ﾠ recordings	 ﾠ and	 ﾠ optogenetic	 ﾠ
activation.	 ﾠ	 ﾠ
(B)	 ﾠMax	 ﾠprojection	 ﾠconfocal	 ﾠstack	 ﾠ(30	 ﾠmm)	 ﾠof	 ﾠChAT+	 ﾠaxons	 ﾠin	 ﾠFC	 ﾠlayer	 ﾠ6	 ﾠfollowing	 ﾠtransduction	 ﾠof	 ﾠrAAV	 ﾠDIO-ﾭ‐ChR2-ﾭ‐
mCherry	 ﾠin	 ﾠGP	 ﾠof	 ﾠChAT	 ﾠ
i-ﾭ‐Cre;GAD67
GFP/+	 ﾠmouse.	 ﾠWhole-ﾭ‐cell	 ﾠrecordings	 ﾠwere	 ﾠtargeted	 ﾠto	 ﾠsomata	 ﾠwithin	 ﾠ150	 ﾠmm	 ﾠof	 ﾠ
the	 ﾠChR2
+	 ﾠarbors.	 ﾠGFP	 ﾠfluorescence	 ﾠhelped	 ﾠidentify	 ﾠGABAergic	 ﾠinterneurons	 ﾠ(GFP
+)	 ﾠor	 ﾠnon-ﾭ‐GABAergic	 ﾠpyramidal	 ﾠ
neurons	 ﾠ(GFP
-ﾭ‐).	 ﾠ	 ﾠ
(C)	 ﾠTop	 ﾠleft,	 ﾠcurrents	 ﾠin	 ﾠa	 ﾠlayer	 ﾠ6	 ﾠinterneuron	 ﾠheld	 ﾠat	 ﾠindicated	 ﾠpotentials	 ﾠevoked	 ﾠby	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠ
surrounding	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠunder	 ﾠbaseline	 ﾠconditions	 ﾠ(NBQX	 ﾠand	 ﾠCPP)	 ﾠand	 ﾠfollowing	 ﾠco-ﾭ‐application	 ﾠof	 ﾠ(from	 ﾠleft	 ﾠto	 ﾠ
right)	 ﾠ TTX,	 ﾠ 4AP	 ﾠ and	 ﾠ SR95531.	 ﾠ Top	 ﾠ right,	 ﾠ IPSC	 ﾠ peak	 ﾠ amplitudes	 ﾠ across	 ﾠ conditions	 ﾠ normalized	 ﾠ to	 ﾠ baseline	 ﾠ (n=5	 ﾠ
cortical	 ﾠinterneurons).	 ﾠBottom	 ﾠleft,	 ﾠevoked	 ﾠcurrent	 ﾠresponses	 ﾠin	 ﾠa	 ﾠChR2
-ﾭ‐	 ﾠneuron	 ﾠat	 ﾠthe	 ﾠGP/NB	 ﾠborder	 ﾠheld	 ﾠat	 ﾠ
indicated	 ﾠpotentials	 ﾠto	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠsurrounding	 ﾠChAT+	 ﾠcells	 ﾠunder	 ﾠbaseline	 ﾠconditions	 ﾠ(ACSF)	 ﾠand	 ﾠ
following	 ﾠco-ﾭ‐application	 ﾠof	 ﾠ(from	 ﾠleft	 ﾠto	 ﾠright)	 ﾠglutamate	 ﾠ(NBQX	 ﾠ&	 ﾠCPP)	 ﾠand	 ﾠnicotinic	 ﾠ(MEC,	 ﾠMLA	 ﾠ&	 ﾠDHβE)	 ﾠreceptor	 ﾠ
antagonists,	 ﾠTTX,	 ﾠ4AP	 ﾠand	 ﾠSR95531.	 ﾠ	 ﾠTop	 ﾠright,	 ﾠIPSC	 ﾠpeak	 ﾠamplitudes	 ﾠacross	 ﾠconditions	 ﾠnormalized	 ﾠto	 ﾠbaseline	 ﾠ(n=7	 ﾠ
ChR2
-ﾭ‐	 ﾠGP/NB	 ﾠcells).	 ﾠ	 ﾠ
(D)	 ﾠ Maximum	 ﾠintensity	 ﾠprojection	 ﾠof	 ﾠdendritic	 ﾠmorphology	 ﾠfollowing	 ﾠwhole-ﾭ‐cell	 ﾠ recording	 ﾠ used	 ﾠ to	 ﾠ identify	 ﾠ FC	 ﾠ
neurons	 ﾠas	 ﾠpyramids	 ﾠor	 ﾠinterneurons.	 ﾠ	 ﾠTop,	 ﾠa	 ﾠlayer	 ﾠ5	 ﾠpyramidal	 ﾠneuron.	 ﾠBottom,	 ﾠa	 ﾠlayer	 ﾠ1	 ﾠinterneuron.	 ﾠ	 ﾠ
(E)	 ﾠSynaptic	 ﾠconnectivity	 ﾠscreen	 ﾠfor	 ﾠcortical	 ﾠneurons	 ﾠwith	 ﾠmonosynaptic	 ﾠ(present	 ﾠin	 ﾠTTX/4AP	 ﾠor	 ﾠ<3.1ms	 ﾠonset	 ﾠ
latencies)	 ﾠChR2-ﾭ‐evoked	 ﾠionotropic	 ﾠcurrent	 ﾠresponses	 ﾠfrom	 ﾠChAT+	 ﾠor	 ﾠChAT-ﾭ‐	 ﾠaxons.	 ﾠ	 ﾠChAT-ﾭ‐	 ﾠdata	 ﾠincludes	 ﾠcells	 ﾠin	 ﾠFig	 ﾠ
3.3c.	 ﾠ
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Recordings	 ﾠpost-ﾭ‐synaptic	 ﾠto	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠwere	 ﾠmade	 ﾠin	 ﾠFC	 ﾠat	 ﾠ~0	 ﾠmV	 ﾠ(the	 ﾠreversal	 ﾠfor	 ﾠ
ionotropic	 ﾠglutamate	 ﾠand	 ﾠnicotinic	 ﾠreceptors)	 ﾠand	 ﾠin	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠNBQX	 ﾠand	 ﾠCPP	 ﾠto	 ﾠblock	 ﾠ
ionotropic	 ﾠ glutamate	 ﾠ receptors.	 ﾠ In	 ﾠ a	 ﾠ subset	 ﾠ of	 ﾠ neurons	 ﾠ (n=5	 ﾠ of	 ﾠ 94),	 ﾠ optogenetic	 ﾠ activation	 ﾠ
evoked	 ﾠfast	 ﾠoutward	 ﾠcurrents	 ﾠ(Fig.	 ﾠ3.3c).	 ﾠThese	 ﾠlight-ﾭ‐evoked	 ﾠinhibitory	 ﾠpost-ﾭ‐synaptic	 ﾠcurrents	 ﾠ
(IPSCs)	 ﾠ were	 ﾠ blocked	 ﾠ by	 ﾠ the	 ﾠ voltage-ﾭ‐gated	 ﾠ sodium	 ﾠ Na
+	 ﾠ blocker	 ﾠ tetrodotoxin	 ﾠ (TTX),	 ﾠ
demonstrating	 ﾠChR2	 ﾠdepolarization	 ﾠalone	 ﾠwas	 ﾠnot	 ﾠsufficient	 ﾠfor	 ﾠtransmitter	 ﾠrelease.	 ﾠIPSCs	 ﾠcould	 ﾠ
be	 ﾠrescued	 ﾠin	 ﾠthe	 ﾠcontinued	 ﾠpresence	 ﾠof	 ﾠTTX	 ﾠby	 ﾠenhancing	 ﾠChR2	 ﾠmediated	 ﾠdepolarization	 ﾠof	 ﾠ
terminals	 ﾠwith	 ﾠapplication	 ﾠof	 ﾠthe	 ﾠvoltage-ﾭ‐gated	 ﾠK
+	 ﾠchannel	 ﾠblocker	 ﾠ4-ﾭ‐aminopyridine	 ﾠ(4AP)	 ﾠand	 ﾠ
were	 ﾠabolished	 ﾠin	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠthe	 ﾠGABAA	 ﾠreceptor	 ﾠantagonist	 ﾠSR95531,	 ﾠindicating	 ﾠdirect	 ﾠ
(monosynaptic)	 ﾠrelease	 ﾠof	 ﾠGABA	 ﾠby	 ﾠChAT-ﾭ‐	 ﾠcells.	 ﾠ
The	 ﾠeffect	 ﾠof	 ﾠChAT-ﾭ‐	 ﾠand	 ﾠChAT+	 ﾠGP-ﾭ‐FC	 ﾠcell	 ﾠactivity	 ﾠon	 ﾠcortex	 ﾠwill	 ﾠdepend	 ﾠon	 ﾠthe	 ﾠidentity	 ﾠ
of	 ﾠsynaptically	 ﾠtargeted	 ﾠcells	 ﾠand	 ﾠthe	 ﾠneurotransmitter	 ﾠreceptors	 ﾠthese	 ﾠtargeted	 ﾠcells	 ﾠexpress.	 ﾠ
In	 ﾠcortex,	 ﾠGABA	 ﾠand	 ﾠACh	 ﾠcan	 ﾠsignal	 ﾠthrough	 ﾠionotropic	 ﾠand	 ﾠmetabotropic	 ﾠreceptors,	 ﾠboth	 ﾠof	 ﾠ
which	 ﾠ can	 ﾠ be	 ﾠ expressed	 ﾠ pre	 ﾠ and	 ﾠ post-ﾭ‐synaptically.	 ﾠ Cortical	 ﾠ microcircuits	 ﾠ are	 ﾠ organized	 ﾠ by	 ﾠ
layer(Tepper	 ﾠ &	 ﾠ Bolam	 ﾠ 2004;	 ﾠ Lefort	 ﾠ et	 ﾠ al.	 ﾠ 2009)	 ﾠ and	 ﾠ include	 ﾠ two	 ﾠ major	 ﾠ classes	 ﾠ of	 ﾠ neurons:	 ﾠ
Pyramidal	 ﾠneurons	 ﾠthat	 ﾠexcite	 ﾠlocal	 ﾠand	 ﾠdistant	 ﾠtargets	 ﾠthrough	 ﾠthe	 ﾠrelease	 ﾠof	 ﾠglutamate	 ﾠand	 ﾠa	 ﾠ
diverse	 ﾠ set	 ﾠ of	 ﾠ interneurons	 ﾠ that	 ﾠ inhibit	 ﾠ other	 ﾠ cortical	 ﾠ neurons	 ﾠ through	 ﾠ the	 ﾠ release	 ﾠ of	 ﾠ
GABA(Marsden	 ﾠ1982;	 ﾠMarkram	 ﾠet	 ﾠal.	 ﾠ2004).	 ﾠWe	 ﾠfocused	 ﾠon	 ﾠpost-ﾭ‐synaptic	 ﾠionotropic	 ﾠreceptor	 ﾠ
signaling	 ﾠas	 ﾠit	 ﾠallows	 ﾠunambiguous	 ﾠidentification	 ﾠof	 ﾠmonosynaptic	 ﾠconnections.	 ﾠWe	 ﾠintroduced	 ﾠ
ChR2	 ﾠinto	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠby	 ﾠrAAV	 ﾠinjection	 ﾠin	 ﾠthe	 ﾠGP	 ﾠof	 ﾠChAT	 ﾠ
i-ﾭ‐Cre;GAD67
GFP/+	 ﾠmice	 ﾠ
and	 ﾠtargeted	 ﾠwhole-ﾭ‐cell	 ﾠvoltage-ﾭ‐clamp	 ﾠrecordings	 ﾠto	 ﾠFC	 ﾠsomata	 ﾠwithin	 ﾠ150	 ﾠmm	 ﾠof	 ﾠChR2
+	 ﾠaxons.	 ﾠ	 ﾠ
	 ﾠ
56	 ﾠ
We	 ﾠlight-ﾭ‐activated	 ﾠaxons	 ﾠand	 ﾠscreened	 ﾠfor	 ﾠdirect	 ﾠ(present	 ﾠin	 ﾠTTX/4AP	 ﾠor	 ﾠshort-ﾭ‐latency)	 ﾠnicotinic	 ﾠ
EPSCs	 ﾠand	 ﾠGABAergic	 ﾠIPSCs	 ﾠat	 ﾠ-ﾭ‐70	 ﾠand	 ﾠ0	 ﾠmV.	 ﾠFollowing	 ﾠrecording,	 ﾠwe	 ﾠdetermined	 ﾠthe	 ﾠlayer	 ﾠ(1,	 ﾠ
2/3,	 ﾠ5	 ﾠand	 ﾠ6)	 ﾠand	 ﾠtype	 ﾠ(pyramidal	 ﾠneuron	 ﾠor	 ﾠinterneuron)	 ﾠof	 ﾠcells,	 ﾠbased	 ﾠon	 ﾠlocation,	 ﾠGAD67
GFP	 ﾠ
expression	 ﾠand	 ﾠdendritic	 ﾠmorphology	 ﾠ(Fig.	 ﾠ3.3d).	 ﾠ	 ﾠ
Activation	 ﾠof	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠevoked	 ﾠreliable	 ﾠIPSCs	 ﾠonto	 ﾠinterneurons	 ﾠin	 ﾠlayers	 ﾠ2/3,	 ﾠ5,	 ﾠand	 ﾠ
6,	 ﾠas	 ﾠwell	 ﾠas	 ﾠa	 ﾠpyramids	 ﾠin	 ﾠlayers	 ﾠ5	 ﾠand	 ﾠ2/3.	 ﾠActivation	 ﾠof	 ﾠChAT+	 ﾠaxons	 ﾠproduced	 ﾠless	 ﾠreliable	 ﾠ
ionotropic	 ﾠcurrents.	 ﾠWe	 ﾠdetected	 ﾠIPSCs	 ﾠin	 ﾠa	 ﾠsmall	 ﾠnumber	 ﾠof	 ﾠinterneurons	 ﾠin	 ﾠlayers	 ﾠ1,	 ﾠ2/3	 ﾠand	 ﾠ6	 ﾠ
and	 ﾠEPSCs	 ﾠin	 ﾠinterneurons	 ﾠin	 ﾠlayer	 ﾠ6	 ﾠ(Fig.	 ﾠ3.3e).	 ﾠ	 ﾠWe	 ﾠconclude	 ﾠthat	 ﾠGP-ﾭ‐FC	 ﾠsignaling	 ﾠin	 ﾠFC	 ﾠis	 ﾠ
complex:	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠrelease	 ﾠGABA	 ﾠonto	 ﾠpyramidal	 ﾠneurons	 ﾠand	 ﾠinterneurons,	 ﾠwhereas	 ﾠChAT+	 ﾠ
axons	 ﾠrelease	 ﾠACh	 ﾠand	 ﾠGABA	 ﾠexclusively	 ﾠonto	 ﾠcortical	 ﾠinterneurons.	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠneurons	 ﾠ
may	 ﾠadditionally	 ﾠaffect	 ﾠFC	 ﾠthrough	 ﾠmetabotropic	 ﾠreceptor	 ﾠsignaling,	 ﾠpre-ﾭ‐synaptic	 ﾠmodulation	 ﾠof	 ﾠ
transmitter	 ﾠrelease,	 ﾠor	 ﾠby	 ﾠionotropic	 ﾠsignaling	 ﾠin	 ﾠdistal	 ﾠdendrites.	 ﾠ	 ﾠ
3.3.3	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠare	 ﾠpart	 ﾠof	 ﾠthe	 ﾠBG	 ﾠ
To	 ﾠdetermine	 ﾠwhether	 ﾠiSPNs	 ﾠand	 ﾠdSPNs	 ﾠaxons	 ﾠsynapse	 ﾠonto	 ﾠGP-ﾭ‐FC	 ﾠcells,	 ﾠwe	 ﾠtargeted	 ﾠ
retro	 ﾠbead	 ﾠlabeled	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠfor	 ﾠwhole-ﾭ‐cell	 ﾠvoltage-ﾭ‐clamp	 ﾠrecording	 ﾠin	 ﾠAdora2a-ﾭ‐Cre;Rosa26
lsl-ﾭ‐
ChR2-ﾭ‐EYFP/+	 ﾠor	 ﾠDrd1a-ﾭ‐Cre;	 ﾠRosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP/+	 ﾠmice	 ﾠwhere	 ﾠChR2	 ﾠis	 ﾠexpressed	 ﾠin	 ﾠiSPNs	 ﾠor	 ﾠdSPNs,	 ﾠ
respectively	 ﾠ(Fig.	 ﾠ3.4a).	 ﾠIonotropic	 ﾠGABA	 ﾠreceptor	 ﾠcurrents	 ﾠwere	 ﾠpharmacologically	 ﾠisolated	 ﾠand	 ﾠ
measured	 ﾠin	 ﾠvoltage-ﾭ‐clamp	 ﾠat	 ﾠ0	 ﾠmV	 ﾠas	 ﾠoutward	 ﾠcurrents.	 ﾠLight-ﾭ‐activation	 ﾠof	 ﾠiSPN	 ﾠor	 ﾠdSPN	 ﾠaxons	 ﾠ
surrounding	 ﾠthe	 ﾠrecorded	 ﾠcell	 ﾠevoked	 ﾠSR95531-ﾭ‐sensitive	 ﾠoutward	 ﾠcurrents	 ﾠin	 ﾠnearly	 ﾠall	 ﾠGP-ﾭ‐FC	 ﾠ
cells	 ﾠ(ChAT+:	 ﾠ20	 ﾠof	 ﾠ22;	 ﾠChAT-ﾭ‐:	 ﾠ19	 ﾠof	 ﾠ20),	 ﾠindicating	 ﾠhigh	 ﾠGABAA	 ﾠreceptor	 ﾠmediated	 ﾠconnectivity.	 ﾠ
dSPN	 ﾠactivation	 ﾠevoked	 ﾠlarger	 ﾠpeak	 ﾠsynaptic	 ﾠcurrents	 ﾠonto	 ﾠChAT+	 ﾠcells	 ﾠthan	 ﾠiSPN	 ﾠactivation	 ﾠ	 ﾠ
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(dSPNs:	 ﾠ1.11±0.19,	 ﾠiSPNs:	 ﾠ0.57±0.17	 ﾠnA),	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠlarger	 ﾠaxonal	 ﾠterritory	 ﾠof	 ﾠdSPNs	 ﾠat	 ﾠ
the	 ﾠGP/NB	 ﾠborder.	 ﾠ	 ﾠActivation	 ﾠof	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠevoked	 ﾠsimilar,	 ﾠstrong	 ﾠsynaptic	 ﾠcurrents	 ﾠonto	 ﾠ
ChAT-ﾭ‐	 ﾠcells	 ﾠ(dSPNs:	 ﾠ1.54±0.25,	 ﾠiSPNs:	 ﾠ1.35±0.29	 ﾠnA)(Fig.	 ﾠ3.4c).	 ﾠSynapses	 ﾠonto	 ﾠGP-ﾭ‐FC	 ﾠneurons	 ﾠ
from	 ﾠ dSPNs	 ﾠ and	 ﾠ iSPNs	 ﾠ in	 ﾠ dorsal	 ﾠ striatum	 ﾠ also	 ﾠ displayed	 ﾠ different	 ﾠ short-ﾭ‐term	 ﾠ plasticity	 ﾠ as	 ﾠ
reported	 ﾠby	 ﾠpaired-ﾭ‐pulse	 ﾠratios	 ﾠ(PPR),	 ﾠshowing	 ﾠdepression	 ﾠand	 ﾠfacilitation,	 ﾠrespectively,	 ﾠat	 ﾠshort	 ﾠ
latencies	 ﾠ (PPR	 ﾠ at	 ﾠ 25	 ﾠ ms	 ﾠ ISI:	 ﾠ dSPNs	 ﾠ 0.59±0.05,	 ﾠ iSPNs	 ﾠ 1.01±0.06;	 ﾠ PPR	 ﾠ at	 ﾠ 50	 ﾠ ms	 ﾠ ISI:	 ﾠ dSPNs	 ﾠ
1.03±0.08,	 ﾠiSPNs	 ﾠ1.37±0.04,	 ﾠn=15-ﾭ‐23	 ﾠcells).	 ﾠ	 ﾠTogether	 ﾠthese	 ﾠresults	 ﾠindicate	 ﾠthat	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠare	 ﾠ
functionally	 ﾠ integrated	 ﾠ into	 ﾠ BG	 ﾠ circuitry	 ﾠ through	 ﾠ direct,	 ﾠ indirect	 ﾠ and	 ﾠ “hyperdirect”	 ﾠ (STN-ﾭ‐
GP)(Albin	 ﾠet	 ﾠal.	 ﾠ1989;	 ﾠNambu	 ﾠet	 ﾠal.	 ﾠ2002;	 ﾠWeiner	 ﾠet	 ﾠal.	 ﾠ1990;	 ﾠAlexander	 ﾠ&	 ﾠCrutcher	 ﾠ1990;	 ﾠ
Graybiel	 ﾠ1990;	 ﾠChevalier	 ﾠ&	 ﾠDeniau	 ﾠ1990;	 ﾠParent	 ﾠ1990;	 ﾠDeLong	 ﾠ1990;	 ﾠParent	 ﾠ&	 ﾠHazrati	 ﾠ1995)	 ﾠ
pathways.	 ﾠAlthough	 ﾠiSPNs	 ﾠand	 ﾠdSPNs	 ﾠboth	 ﾠinhibit	 ﾠGP-ﾭ‐FC	 ﾠcells,	 ﾠdifferences	 ﾠin	 ﾠsynaptic	 ﾠstrength	 ﾠ
and	 ﾠ short-ﾭ‐term	 ﾠ plasticity	 ﾠ suggest	 ﾠ that	 ﾠ ongoing	 ﾠ activity	 ﾠ in	 ﾠ each	 ﾠ pathway	 ﾠ could	 ﾠ differentially	 ﾠ
inhibit	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ3.4	 ﾠGP	 ﾠProjection	 ﾠcells	 ﾠare	 ﾠpart	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ3.4	 ﾠ(continued):	 ﾠGP	 ﾠProjection	 ﾠcells	 ﾠare	 ﾠpart	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠ
(A)	 ﾠ Left,	 ﾠ sagittal	 ﾠ sections	 ﾠ from	 ﾠ an	 ﾠ Adora2a-ﾭ‐Cre;Rosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP/+	 ﾠ mouse	 ﾠ (top)	 ﾠ or	 ﾠ Drd1a-ﾭ‐Cre;	 ﾠ Rosa26
lsl-ﾭ‐ChR2-ﾭ‐
EYFP/+mouse	 ﾠ(bottom)	 ﾠwhere	 ﾠChR2-ﾭ‐EYFP	 ﾠis	 ﾠexpressed	 ﾠin	 ﾠeither	 ﾠiSPNs	 ﾠor	 ﾠdSPNs,	 ﾠrespectively.	 ﾠMiddle,	 ﾠschematic	 ﾠof	 ﾠ
experimental	 ﾠstrategy	 ﾠto	 ﾠstudy	 ﾠconnectivity	 ﾠand	 ﾠproperties	 ﾠof	 ﾠiSPN	 ﾠor	 ﾠdSPN	 ﾠsynapses	 ﾠonto	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠusing	 ﾠwhole-ﾭ‐
cell	 ﾠvoltage-ﾭ‐clamp	 ﾠrecording.	 ﾠFirst,	 ﾠa	 ﾠstandardized	 ﾠlight	 ﾠpulse	 ﾠ(1	 ﾠms;	 ﾠ1.3	 ﾠmWﾷ∙mm
-ﾭ‐2)	 ﾠwas	 ﾠdelivered	 ﾠover	 ﾠthe	 ﾠrecorded	 ﾠ
cell.	 ﾠ	 ﾠSecond,	 ﾠthe	 ﾠobjective	 ﾠwas	 ﾠmoved	 ﾠinto	 ﾠdorsal	 ﾠstriatum	 ﾠand	 ﾠlight	 ﾠpower	 ﾠadjusted	 ﾠ(0.5–1	 ﾠms;	 ﾠ0.06	 ﾠ–4.4	 ﾠmWﾷ∙mm
-ﾭ‐
2)	 ﾠfor	 ﾠ~200	 ﾠpA	 ﾠfirst-ﾭ‐peak	 ﾠpaired-ﾭ‐pulse	 ﾠand	 ﾠpharmacology	 ﾠexperiments.	 ﾠ	 ﾠTop	 ﾠright,	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠiSPN	 ﾠ
(top)	 ﾠor	 ﾠdSPN	 ﾠ(bottom)	 ﾠaxons	 ﾠevoked	 ﾠoutward	 ﾠcurrents	 ﾠfrom	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠcells	 ﾠheld	 ﾠat	 ﾠ0	 ﾠmV	 ﾠunder	 ﾠbaseline	 ﾠ
conditions	 ﾠ (black;	 ﾠ NBQX,	 ﾠ CPP,	 ﾠ scopolamine,	 ﾠ CGP55845	 ﾠ &	 ﾠ AM251)	 ﾠ which	 ﾠ were	 ﾠ blocked	 ﾠ by	 ﾠ bath	 ﾠ application	 ﾠ of	 ﾠ
SR95531	 ﾠ(gray).	 ﾠ	 ﾠ
(B)	 ﾠPeak	 ﾠIPSCs	 ﾠevoked	 ﾠfrom	 ﾠiSPN	 ﾠor	 ﾠdSPN	 ﾠoptogenetic	 ﾠactivation	 ﾠover	 ﾠthe	 ﾠrecorded	 ﾠGP-ﾭ‐FC	 ﾠcell.	 ﾠ	 ﾠiSPN	 ﾠactivation	 ﾠ
evokes	 ﾠlarger	 ﾠpeak	 ﾠIPSCs	 ﾠonto	 ﾠChAT-ﾭ‐	 ﾠ(n=19)	 ﾠvs.	 ﾠChAT+	 ﾠ(n=20)	 ﾠcells,	 ﾠwhile	 ﾠdSPN	 ﾠevoked	 ﾠcomparable	 ﾠIPSCs	 ﾠonto	 ﾠ
ChAT-ﾭ‐	 ﾠ(n=11)	 ﾠvs.	 ﾠChAT+	 ﾠ(n=12)	 ﾠcells.	 ﾠ	 ﾠChAT-ﾭ‐	 ﾠcells	 ﾠhave	 ﾠsimilar	 ﾠpeak	 ﾠIPSCs	 ﾠfrom	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠactivation,	 ﾠwhile	 ﾠpeak	 ﾠ
IPSCs	 ﾠfrom	 ﾠdSPN	 ﾠactivation	 ﾠis	 ﾠlarger	 ﾠonto	 ﾠChAT+	 ﾠcells	 ﾠthan	 ﾠiSPN	 ﾠactivation.	 ﾠ	 ﾠAsterisk,	 ﾠP<0.05	 ﾠ(Mann-ﾭ‐Whitney).	 ﾠBars	 ﾠ
denote	 ﾠmean±s.e.m	 ﾠ
	 ﾠ
3.3.4	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠin	 ﾠvivo	 ﾠ
	 ﾠ To	 ﾠtest	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠChAT+	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠin	 ﾠvivo	 ﾠwe	 ﾠinjected	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠmice	 ﾠwith	 ﾠcre	 ﾠdependent	 ﾠ
rAAVs	 ﾠto	 ﾠexpress	 ﾠChR2	 ﾠin	 ﾠonly	 ﾠthe	 ﾠChAT+	 ﾠpopulation.	 ﾠThese	 ﾠmice	 ﾠwere	 ﾠtrained	 ﾠto	 ﾠbe	 ﾠhead	 ﾠrestrained	 ﾠand	 ﾠ
had	 ﾠ the	 ﾠ opportunity	 ﾠ to	 ﾠ press	 ﾠ a	 ﾠ lever	 ﾠ for	 ﾠ a	 ﾠ water	 ﾠ reward	 ﾠ as	 ﾠ in	 ﾠ our	 ﾠ previous	 ﾠ study	 ﾠ (Chapter	 ﾠ 2).	 ﾠ
Extracellular	 ﾠ recordings	 ﾠ were	 ﾠ made	 ﾠ from	 ﾠ the	 ﾠ FC	 ﾠ of	 ﾠ mice	 ﾠ while	 ﾠ the	 ﾠ GP	 ﾠ was	 ﾠ directly	 ﾠ activated	 ﾠ via	 ﾠ a	 ﾠ
chronically	 ﾠimplanted	 ﾠfiberoptic.	 ﾠAs	 ﾠGP	 ﾠChAT+	 ﾠcells	 ﾠdo	 ﾠnot	 ﾠproject	 ﾠto	 ﾠthe	 ﾠSNr	 ﾠor	 ﾠthalamus	 ﾠit	 ﾠis	 ﾠunlikely	 ﾠ
that	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠthis	 ﾠstimulation	 ﾠwill	 ﾠengage	 ﾠthe	 ﾠcanonical	 ﾠcircuitry	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia.	 ﾠ	 ﾠA	 ﾠ3	 ﾠsecond	 ﾠ
10Hz	 ﾠtrain	 ﾠof	 ﾠ473nm	 ﾠLight	 ﾠincreased	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠsome	 ﾠFC	 ﾠcells	 ﾠ(15/106	 ﾠunits	 ﾠincreased,	 ﾠmean	 ﾠwith	 ﾠ
stimulation	 ﾠ145±14%	 ﾠof	 ﾠthe	 ﾠfiring	 ﾠwithout	 ﾠstim;	 ﾠ2/106	 ﾠdecreased,	 ﾠmean	 ﾠ71±0.2%;	 ﾠFig.	 ﾠ3.5a),	 ﾠbut	 ﾠnot	 ﾠin	 ﾠ
mice	 ﾠ injected	 ﾠ with	 ﾠ mCherry	 ﾠ rAAV	 ﾠ (0/73	 ﾠ units	 ﾠ increased,	 ﾠ Fig.	 ﾠ 3.5b).	 ﾠ 	 ﾠ GP	 ﾠ ChAT	 ﾠ activation	 ﾠ did	 ﾠ not	 ﾠ
consistently	 ﾠ modulate	 ﾠ activity	 ﾠ associated	 ﾠ with	 ﾠ tones	 ﾠ or	 ﾠ lever	 ﾠ presses.	 ﾠ Nonetheless,	 ﾠ all	 ﾠ analysis	 ﾠ was	 ﾠ
restricted	 ﾠto	 ﾠperiods	 ﾠwhere	 ﾠno	 ﾠlever	 ﾠpresses	 ﾠwere	 ﾠdetected	 ﾠwithin	 ﾠ±3	 ﾠseconds	 ﾠfrom	 ﾠthe	 ﾠlight	 ﾠonset.	 ﾠ
Individual	 ﾠFC	 ﾠneuron’s	 ﾠresponses	 ﾠvaried	 ﾠconsiderably	 ﾠ(range	 ﾠ45	 ﾠ-ﾭ‐	 ﾠ311%),	 ﾠbut	 ﾠwas	 ﾠin	 ﾠgeneral	 ﾠactivating	 ﾠ
(ChAT+	 ﾠ DIO-ﾭ‐ChR2	 ﾠ population:	 ﾠ 112±3%	 ﾠ vs	 ﾠ ChAT+	 ﾠ DIO-ﾭ‐mCherry	 ﾠ 96±2%	 ﾠ P<0.0001	 ﾠ Kruskal-ﾭ‐Wallis	 ﾠ with	 ﾠ	 ﾠ
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Dunn’s	 ﾠ Multiple	 ﾠ Comparison	 ﾠ Test,	 ﾠ Fig	 ﾠ 3.5d,e).	 ﾠ Although	 ﾠ some	 ﾠ units	 ﾠ maintained	 ﾠ consistent	 ﾠ increase	 ﾠ
throughout	 ﾠthe	 ﾠduration	 ﾠof	 ﾠthe	 ﾠ3s	 ﾠtrain	 ﾠ(Fig3.5a),	 ﾠmany	 ﾠunits	 ﾠonly	 ﾠresponded	 ﾠfor	 ﾠthe	 ﾠfirst	 ﾠ1-ﾭ‐2	 ﾠseconds	 ﾠ
and	 ﾠ the	 ﾠ population	 ﾠ returned	 ﾠ to	 ﾠ baseline	 ﾠ by	 ﾠ 2s	 ﾠ (Fig	 ﾠ 3.5d).	 ﾠ 	 ﾠ No	 ﾠ association	 ﾠ between	 ﾠ unit	 ﾠ depth	 ﾠ or	 ﾠ
positioning	 ﾠand	 ﾠdegree	 ﾠof	 ﾠmodulation	 ﾠwas	 ﾠdetected.	 ﾠThese	 ﾠdata	 ﾠindicate	 ﾠthat	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠChAT+	 ﾠneurons	 ﾠ
are	 ﾠfunctionally	 ﾠconnected	 ﾠand	 ﾠrelevant	 ﾠin	 ﾠvivo.	 ﾠConsistent	 ﾠwith	 ﾠthe	 ﾠphysiology	 ﾠin	 ﾠslice	 ﾠ(Fig	 ﾠ3.3e)	 ﾠwe	 ﾠsee	 ﾠ
a	 ﾠgeneral	 ﾠdisinhibiiton	 ﾠof	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠneurons	 ﾠin	 ﾠFC,	 ﾠindicating	 ﾠthat	 ﾠdespite	 ﾠbeing	 ﾠa	 ﾠsparse	 ﾠprojection	 ﾠ
these	 ﾠcells	 ﾠmay	 ﾠhave	 ﾠbroad	 ﾠeffects.	 ﾠ	 ﾠ
	 ﾠ Given	 ﾠthe	 ﾠspontaneous	 ﾠactivity	 ﾠof	 ﾠthe	 ﾠGP	 ﾠChAT+,	 ﾠwe	 ﾠnext	 ﾠasked	 ﾠif	 ﾠtheir	 ﾠongoing	 ﾠactivity	 ﾠhad	 ﾠa	 ﾠ
tonic	 ﾠeffect	 ﾠon	 ﾠFC.	 ﾠWe	 ﾠinjected	 ﾠDIO-ﾭ‐ArchT,	 ﾠa	 ﾠyellow-ﾭ‐light	 ﾠactivated	 ﾠinhibiting	 ﾠopsin	 ﾠinto	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠmice	 ﾠ
and	 ﾠrecorded	 ﾠin	 ﾠFC	 ﾠas	 ﾠbefore.	 ﾠArchT	 ﾠActivation,	 ﾠwith	 ﾠ3s	 ﾠof	 ﾠ3mW	 ﾠ589nm	 ﾠLight,	 ﾠinhibited	 ﾠthe	 ﾠfiring	 ﾠof	 ﾠsome	 ﾠ
FC	 ﾠunits	 ﾠ	 ﾠ(3/27	 ﾠunits	 ﾠdecreased,	 ﾠmean	 ﾠ79±1%;	 ﾠFig	 ﾠ3.5c,f).	 ﾠHowever,	 ﾠat	 ﾠthe	 ﾠpopulation	 ﾠlevel	 ﾠthere	 ﾠwas	 ﾠno	 ﾠ
significant	 ﾠdifference	 ﾠin	 ﾠmice	 ﾠtransfected	 ﾠwith	 ﾠDIO-ﾭ‐ArchT	 ﾠas	 ﾠControls	 ﾠ(DIO-ﾭ‐ArchT	 ﾠ94±2%	 ﾠvs	 ﾠDIO-ﾭ‐mCherry	 ﾠ
96±2%,	 ﾠ p>0.05	 ﾠ Kruskal-ﾭ‐Wallis	 ﾠ with	 ﾠ Dunn’s	 ﾠ Multiple	 ﾠ Comparison	 ﾠ Test).	 ﾠ Nonetheless,	 ﾠ Significantly	 ﾠ
modulated	 ﾠunits	 ﾠwere	 ﾠobserved	 ﾠat	 ﾠa	 ﾠhigher	 ﾠthan	 ﾠpredicted	 ﾠrate	 ﾠ(3/27	 ﾠ(11%)	 ﾠDIO-ﾭ‐ArchT	 ﾠunits	 ﾠvs	 ﾠ2/73	 ﾠ
(2.7%)	 ﾠDIO-ﾭ‐mCherry	 ﾠunits).	 ﾠGiven	 ﾠthe	 ﾠinherent	 ﾠdifficulties	 ﾠin	 ﾠshutting	 ﾠdown	 ﾠactivity	 ﾠof	 ﾠan	 ﾠentire	 ﾠnucleus,	 ﾠ
it	 ﾠis	 ﾠnot	 ﾠunexpected	 ﾠthat	 ﾠthe	 ﾠeffects	 ﾠwith	 ﾠDIO-ﾭ‐ArchT	 ﾠwould	 ﾠbe	 ﾠless	 ﾠthan	 ﾠthat	 ﾠof	 ﾠDIO-ﾭ‐ChR2.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ Unfortunately,	 ﾠthe	 ﾠChAT-ﾭ‐	 ﾠpopulation	 ﾠof	 ﾠGP	 ﾠcells	 ﾠproject	 ﾠto	 ﾠdownstream	 ﾠnuclei,	 ﾠincluding	 ﾠthe	 ﾠSNr	 ﾠ
and	 ﾠthalamus,	 ﾠas	 ﾠwell	 ﾠas	 ﾠdirectly	 ﾠto	 ﾠFC.	 ﾠDirect	 ﾠstimulation	 ﾠof	 ﾠthe	 ﾠsomata	 ﾠof	 ﾠthese	 ﾠcells	 ﾠwould	 ﾠconfound	 ﾠ
effects	 ﾠof	 ﾠdirect	 ﾠGP-ﾭ‐FC	 ﾠsignaling	 ﾠas	 ﾠwell	 ﾠas	 ﾠsignaling	 ﾠthrough	 ﾠthe	 ﾠentire	 ﾠbasal	 ﾠganglia	 ﾠloop.	 ﾠEven	 ﾠwith	 ﾠthe	 ﾠ
ChAT+	 ﾠfiber	 ﾠstimulation	 ﾠthere	 ﾠis	 ﾠa	 ﾠrisk	 ﾠthat	 ﾠcollateral	 ﾠactivation	 ﾠcould	 ﾠengage	 ﾠmore	 ﾠindirect	 ﾠbasal	 ﾠganglia	 ﾠ
circuitry.	 ﾠ As	 ﾠ such	 ﾠ we	 ﾠ used	 ﾠ an	 ﾠ optrode,	 ﾠ a	 ﾠ multielectrode	 ﾠ array	 ﾠ attached	 ﾠ to	 ﾠ a	 ﾠ fiber	 ﾠ optic,	 ﾠ to	 ﾠ directly	 ﾠ
stimulate	 ﾠthe	 ﾠterminals	 ﾠof	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠneurons.	 ﾠDIO-ﾭ‐ChR2	 ﾠwas	 ﾠinjected	 ﾠselectively	 ﾠinto	 ﾠthe	 ﾠGP	 ﾠ
of	 ﾠVGAT-ﾭ‐Cre	 ﾠmice,	 ﾠto	 ﾠaccess	 ﾠboth	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠpopulations.	 ﾠAs	 ﾠbefore,	 ﾠ3s	 ﾠtrains	 ﾠof	 ﾠ5ms	 ﾠpulses	 ﾠat	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
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Figure	 ﾠ3.5.	 ﾠChAT+	 ﾠcells	 ﾠincrease	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠFrontal	 ﾠCortex	 ﾠin	 ﾠvivo	 ﾠ
(A-ﾭ‐C)	 ﾠExample	 ﾠextracellular	 ﾠrecordings	 ﾠfrom	 ﾠFC	 ﾠduring	 ﾠGP	 ﾠoptogenetic	 ﾠactivation	 ﾠ(A),	 ﾠor	 ﾠinhibition	 ﾠ(C)	 ﾠof	 ﾠChAT+	 ﾠcells	 ﾠ
compared	 ﾠto	 ﾠnon-ﾭ‐opsin	 ﾠcontaining	 ﾠcontrols	 ﾠ(B).	 ﾠ	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠinjected	 ﾠwith	 ﾠDIO-ﾭ‐ChR2	 ﾠ(A),	 ﾠDIO-ﾭ‐mCherry	 ﾠ(B),	 ﾠor	 ﾠDIO-ﾭ‐
ArchT	 ﾠ(C)	 ﾠrAAV.	 ﾠ(A-ﾭ‐B)	 ﾠillumination	 ﾠwith	 ﾠ5ms	 ﾠpulses	 ﾠat	 ﾠ10Hz	 ﾠof	 ﾠ5mW	 ﾠof	 ﾠ473nm	 ﾠLight	 ﾠfor	 ﾠ3s	 ﾠwith	 ﾠa	 ﾠ6s	 ﾠinter	 ﾠtrial	 ﾠ
interval,	 ﾠor	 ﾠ	 ﾠ(C)	 ﾠ3s	 ﾠconstant	 ﾠ3mW	 ﾠ589nm	 ﾠLight	 ﾠ6s	 ﾠinter	 ﾠtrial	 ﾠinterval	 ﾠstarting	 ﾠat	 ﾠ0s.	 ﾠRaster	 ﾠplot	 ﾠ(top)	 ﾠand	 ﾠHistogram	 ﾠ
(bottom)	 ﾠincludes	 ﾠonly	 ﾠtrials	 ﾠwhere	 ﾠno	 ﾠlever	 ﾠpresses	 ﾠwere	 ﾠdetected	 ﾠfrom	 ﾠ3s	 ﾠprior	 ﾠto	 ﾠ3s	 ﾠafter	 ﾠlight	 ﾠonset.	 ﾠ	 ﾠ
(D-ﾭ‐F)	 ﾠtop,	 ﾠsummary	 ﾠof	 ﾠall	 ﾠunits	 ﾠin	 ﾠeach	 ﾠcondition	 ﾠnormalized	 ﾠto	 ﾠthe	 ﾠ1.5s	 ﾠprior	 ﾠto	 ﾠlight	 ﾠonset	 ﾠand	 ﾠaveraged,	 ﾠGrey	 ﾠbars	 ﾠ
are	 ﾠ±	 ﾠSEM.	 ﾠBlue	 ﾠor	 ﾠYellow	 ﾠbar	 ﾠindicates	 ﾠperiod	 ﾠwhen	 ﾠoptogenetic	 ﾠstimulation	 ﾠis	 ﾠactive.	 ﾠMiddle,	 ﾠAll	 ﾠunits	 ﾠnormalized	 ﾠ
and	 ﾠplotted	 ﾠin	 ﾠorder	 ﾠof	 ﾠthe	 ﾠmagnitude	 ﾠof	 ﾠtheir	 ﾠmodulation.	 ﾠbottom,	 ﾠHistogram	 ﾠof	 ﾠthe	 ﾠindex	 ﾠof	 ﾠmodulation	 ﾠof	 ﾠeach	 ﾠ
unit.	 ﾠIndex	 ﾠis	 ﾠbased	 ﾠon	 ﾠthe	 ﾠFiring	 ﾠRate	 ﾠ(FR)	 ﾠof	 ﾠcells	 ﾠduring	 ﾠthe	 ﾠentire	 ﾠlight	 ﾠon	 ﾠperiod,	 ﾠit	 ﾠis	 ﾠcalculated	 ﾠas	 ﾠ(FRON-ﾭ‐
FROFF)/(FRON+FROFF).	 ﾠRed	 ﾠbars	 ﾠindicate	 ﾠcells	 ﾠthat	 ﾠwere	 ﾠstatistically	 ﾠsignificantly	 ﾠmodulated	 ﾠon	 ﾠthe	 ﾠtrial	 ﾠby	 ﾠtrial	 ﾠbasis,	 ﾠ
Students	 ﾠT	 ﾠtest	 ﾠp<0.05.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
61	 ﾠ
	 ﾠ
Figure	 ﾠ3.5	 ﾠ(Continued)	 ﾠChAT+	 ﾠcells	 ﾠincrease	 ﾠfiring	 ﾠrates	 ﾠin	 ﾠFrontal	 ﾠCortex	 ﾠin	 ﾠvivo	 ﾠ	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
62	 ﾠ
10Hz	 ﾠwere	 ﾠused	 ﾠbut	 ﾠas	 ﾠterminals	 ﾠare	 ﾠharder	 ﾠto	 ﾠdrive	 ﾠwe	 ﾠincreased	 ﾠthe	 ﾠpower	 ﾠto	 ﾠ10mW.	 ﾠ	 ﾠInhibited	 ﾠFC	 ﾠ
units	 ﾠ were	 ﾠ observed;	 ﾠ inhibition	 ﾠ peaked	 ﾠ around	 ﾠ 1-ﾭ‐2s	 ﾠ and	 ﾠ was	 ﾠ small	 ﾠ in	 ﾠ magnitude	 ﾠ (85±3%	 ﾠ FR	 ﾠ with	 ﾠ
stimulation	 ﾠto	 ﾠwithout	 ﾠstim,	 ﾠFig	 ﾠ3.6a).	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ High	 ﾠintensity	 ﾠoptrode	 ﾠstimulation	 ﾠdid	 ﾠcreate	 ﾠlight	 ﾠmediated	 ﾠartifacts	 ﾠin	 ﾠboth	 ﾠexperimental	 ﾠand	 ﾠ
wildtype	 ﾠ(WT)	 ﾠvirally	 ﾠinjected	 ﾠmice	 ﾠ(note	 ﾠthe	 ﾠperiodicity	 ﾠin	 ﾠthe	 ﾠvariance	 ﾠwith	 ﾠlight	 ﾠFig	 ﾠ3.6b,c),	 ﾠbut	 ﾠdid	 ﾠnot	 ﾠ
affect	 ﾠmean	 ﾠfiring	 ﾠrate	 ﾠin	 ﾠthe	 ﾠcontrol	 ﾠmice.	 ﾠIt	 ﾠis	 ﾠpossible	 ﾠthat	 ﾠthe	 ﾠlow	 ﾠfrequency	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠlight-ﾭ‐
artifacts	 ﾠ could	 ﾠ subtly	 ﾠ increase	 ﾠ or	 ﾠ decrease	 ﾠ firing	 ﾠ rates	 ﾠ by	 ﾠ pushing	 ﾠ small	 ﾠ units	 ﾠ above	 ﾠ or	 ﾠ below	 ﾠ the	 ﾠ
threshold	 ﾠof	 ﾠdetection,	 ﾠor	 ﾠblock	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠstimulation	 ﾠif	 ﾠthe	 ﾠhappened	 ﾠvery	 ﾠshortly	 ﾠafter	 ﾠthe	 ﾠlight	 ﾠ
pulse.	 ﾠ	 ﾠ	 ﾠ
Across	 ﾠthe	 ﾠpopulation,	 ﾠFC	 ﾠunits	 ﾠwere	 ﾠmoderately	 ﾠinhibited	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠ(95±2%	 ﾠVGAT-ﾭ‐
DIO-ﾭ‐ChR2	 ﾠ vs	 ﾠ 101±3%	 ﾠ WT-ﾭ‐DIO-ﾭ‐ChR2,	 ﾠ p<0.05	 ﾠ Mann-ﾭ‐Whitney	 ﾠ Test;	 ﾠ Fig3.6b,c).	 ﾠ Thus,	 ﾠ of	 ﾠ the	 ﾠ overall	 ﾠ
projections	 ﾠdirect	 ﾠeffects	 ﾠare	 ﾠnet	 ﾠinhibitory	 ﾠon	 ﾠthe	 ﾠfrontal	 ﾠcortex.	 ﾠIt	 ﾠis	 ﾠreasonable	 ﾠto	 ﾠassume,	 ﾠbased	 ﾠon	 ﾠ
the	 ﾠdepths	 ﾠof	 ﾠthe	 ﾠunits	 ﾠrecorded,	 ﾠthat	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠobservable	 ﾠunits	 ﾠare	 ﾠfrom	 ﾠthe	 ﾠLayer	 ﾠ5	 ﾠregion,	 ﾠthis	 ﾠ
is	 ﾠalso	 ﾠthe	 ﾠsection	 ﾠof	 ﾠfrontal	 ﾠcortex	 ﾠthat	 ﾠreceives	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠinhibitory	 ﾠinput.	 ﾠThis	 ﾠwould	 ﾠhowever	 ﾠ
indicate	 ﾠthat	 ﾠthe	 ﾠChAT-ﾭ‐	 ﾠpopulation	 ﾠoverwhelms	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠthe	 ﾠChAT+	 ﾠcells.	 ﾠThus	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠ
ChAT+	 ﾠcells	 ﾠin	 ﾠthe	 ﾠGP	 ﾠis	 ﾠlikely	 ﾠto	 ﾠbe	 ﾠmodulatory	 ﾠeffecting	 ﾠinterneurons	 ﾠin	 ﾠa	 ﾠcomplex	 ﾠway.	 ﾠ	 ﾠ
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Figure	 ﾠ3.6.	 ﾠOptrode	 ﾠstimulation	 ﾠof	 ﾠVGAT-ﾭ‐ChR2	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠ
(A)	 ﾠRepresentative	 ﾠimage	 ﾠof	 ﾠa	 ﾠFC	 ﾠunit	 ﾠinhibited	 ﾠby	 ﾠlocal	 ﾠoptrode	 ﾠstimulation	 ﾠof	 ﾠfibers	 ﾠfrom	 ﾠa	 ﾠDIO-ﾭ‐ChR2	 ﾠinjected	 ﾠ
VGAT-ﾭ‐Cre	 ﾠmouse.	 ﾠRaster	 ﾠplot	 ﾠ(top)	 ﾠshows	 ﾠrecordings	 ﾠfrom	 ﾠeach	 ﾠindividual	 ﾠsweep	 ﾠof	 ﾠa	 ﾠsingle	 ﾠunit	 ﾠwhere	 ﾠa	 ﾠpress	 ﾠwas	 ﾠ
not	 ﾠobserved	 ﾠ±3s	 ﾠfrom	 ﾠthe	 ﾠonset	 ﾠof	 ﾠa	 ﾠ3s	 ﾠ10Hz	 ﾠtrain	 ﾠof	 ﾠ5ms	 ﾠpulses	 ﾠwith	 ﾠ10mW	 ﾠ589nm	 ﾠlight.	 ﾠIt	 ﾠis	 ﾠsummarized	 ﾠin	 ﾠthe	 ﾠ
histogram	 ﾠ(bottom).	 ﾠ	 ﾠ
(B-ﾭ‐C)	 ﾠMean	 ﾠ±	 ﾠSEM	 ﾠof	 ﾠthe	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠall	 ﾠrecorded	 ﾠcells	 ﾠduring	 ﾠlight	 ﾠmodulation	 ﾠis	 ﾠpresented	 ﾠin	 ﾠVGAT-ﾭ‐Cre	 ﾠ(B)	 ﾠor	 ﾠ
WT	 ﾠcontrol	 ﾠ(C)	 ﾠ animals	 ﾠ (top).	 ﾠ Blue	 ﾠ bars	 ﾠ indicate	 ﾠ the	 ﾠ duration	 ﾠ of	 ﾠ optogenetic	 ﾠ stimulation.	 ﾠ (bottom)	 ﾠ Histogram	 ﾠ
displays	 ﾠ the	 ﾠ Index	 ﾠ of	 ﾠ modulation	 ﾠ of	 ﾠ individual	 ﾠ units	 ﾠ to	 ﾠ optogenetic	 ﾠ stimulation,	 ﾠ red	 ﾠ units	 ﾠ are	 ﾠ statistically	 ﾠ
significantly	 ﾠmodulated	 ﾠ(p<0.05	 ﾠstudents	 ﾠT	 ﾠTest).	 ﾠDotted	 ﾠline	 ﾠrepresents	 ﾠIndex	 ﾠ	 ﾠof	 ﾠ0	 ﾠor	 ﾠno	 ﾠchange	 ﾠin	 ﾠfiring	 ﾠrate	 ﾠto	 ﾠ
this	 ﾠstimulation.	 ﾠ
	 ﾠ
	 ﾠ
3.3.5	 ﾠGP-ﾭ‐FC	 ﾠContributions	 ﾠto	 ﾠthe	 ﾠcanonical	 ﾠoutput	 ﾠof	 ﾠbasal	 ﾠganglia	 ﾠ
	 ﾠ Given	 ﾠthe	 ﾠinvolvement	 ﾠof	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠneurons	 ﾠin	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠwe	 ﾠnext	 ﾠasked	 ﾠwhat	 ﾠ
the	 ﾠeffects	 ﾠof	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivity	 ﾠwas	 ﾠin	 ﾠFC	 ﾠin	 ﾠvivo.	 ﾠ	 ﾠOur	 ﾠprevious	 ﾠstudy	 ﾠ(Chapter	 ﾠ2)	 ﾠestablished	 ﾠthat	 ﾠ
primary	 ﾠ motor	 ﾠ cortex	 ﾠ (M1)	 ﾠ received	 ﾠ strong	 ﾠ bidirectional	 ﾠ input	 ﾠ from	 ﾠ iSPNs	 ﾠ and	 ﾠ dSPNs,	 ﾠ presumably	 ﾠ
through	 ﾠtheir	 ﾠcanonical	 ﾠoutput	 ﾠto	 ﾠthalamus.	 ﾠSpecifically,	 ﾠGPe	 ﾠand	 ﾠSNr	 ﾠproject	 ﾠto	 ﾠthe	 ﾠVentral	 ﾠLateral	 ﾠ(VL)	 ﾠ
portion	 ﾠof	 ﾠthe	 ﾠthalamus,	 ﾠas	 ﾠwell	 ﾠas	 ﾠto	 ﾠthe	 ﾠMediodorsal	 ﾠ(MD)	 ﾠnucleus	 ﾠof	 ﾠthe	 ﾠthalamus.	 ﾠThe	 ﾠVL	 ﾠin	 ﾠturn	 ﾠ
projects	 ﾠto	 ﾠM1	 ﾠwith	 ﾠonly	 ﾠvery	 ﾠminor	 ﾠprojections	 ﾠto	 ﾠFC,	 ﾠwhile	 ﾠthe	 ﾠMD	 ﾠexcludes	 ﾠM1	 ﾠprojecting	 ﾠselectively	 ﾠ
to	 ﾠ FC	 ﾠ (Allen	 ﾠ Brain	 ﾠ Atlas,	 ﾠ (Oh	 ﾠ et	 ﾠ al.	 ﾠ 2014)).	 ﾠ While	 ﾠ differences	 ﾠ between	 ﾠ the	 ﾠ effects	 ﾠ of	 ﾠ M1	 ﾠ could	 ﾠ be	 ﾠ	 ﾠ
	 ﾠ
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attributed	 ﾠto	 ﾠthe	 ﾠpath	 ﾠthrough	 ﾠMD	 ﾠor	 ﾠGP-ﾭ‐FC	 ﾠprojections,	 ﾠits	 ﾠnecessary	 ﾠto	 ﾠunderstand	 ﾠthese	 ﾠdifferences	 ﾠ
to	 ﾠproperly	 ﾠdesign	 ﾠfuture	 ﾠexperiments.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ Recordings	 ﾠ were	 ﾠ made	 ﾠ from	 ﾠ FC	 ﾠ using	 ﾠ multichannel	 ﾠ extracellular	 ﾠ recordings	 ﾠ during	 ﾠ striatal	 ﾠ
stimulation	 ﾠ of	 ﾠ iSPN	 ﾠ (adora-ﾭ‐cre)	 ﾠ or	 ﾠ dSPN	 ﾠ (drd1a(EY217)-ﾭ‐cre)	 ﾠ mice	 ﾠ injected	 ﾠ with	 ﾠ DIO-ﾭ‐ChR2.	 ﾠ These	 ﾠ
recordings	 ﾠwere	 ﾠmade	 ﾠsimultaneously	 ﾠwith	 ﾠthe	 ﾠrecordings	 ﾠin	 ﾠMotor	 ﾠcortex	 ﾠ(M1)	 ﾠdescribed	 ﾠin	 ﾠChapter	 ﾠ2.	 ﾠ
Several	 ﾠinteresting	 ﾠdifferences	 ﾠwere	 ﾠobserved	 ﾠin	 ﾠthe	 ﾠresponse	 ﾠto	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivation	 ﾠin	 ﾠFC	 ﾠvs	 ﾠM1.	 ﾠ	 ﾠ
The	 ﾠEY217	 ﾠvariant	 ﾠof	 ﾠthe	 ﾠdrd1a-ﾭ‐Cre	 ﾠused	 ﾠthroughout	 ﾠChapter	 ﾠ2	 ﾠdiffers	 ﾠfrom	 ﾠthe	 ﾠvariant	 ﾠused	 ﾠin	 ﾠthe	 ﾠrest	 ﾠ
of	 ﾠChapter	 ﾠ3.	 ﾠIt	 ﾠis	 ﾠbetter	 ﾠexcluded	 ﾠfrom	 ﾠthe	 ﾠcortex,	 ﾠbut	 ﾠappears	 ﾠto	 ﾠbe	 ﾠless	 ﾠpenetrant	 ﾠof	 ﾠventral	 ﾠand	 ﾠ
medial	 ﾠstriatum.	 ﾠAnecdotal	 ﾠevidence	 ﾠsuggests	 ﾠthe	 ﾠEY217-ﾭ‐Cre	 ﾠdSPNs	 ﾠhave	 ﾠweaker	 ﾠinnervation	 ﾠof	 ﾠthe	 ﾠGP-ﾭ‐
FC	 ﾠcells,	 ﾠalthough	 ﾠthis	 ﾠhas	 ﾠnot	 ﾠbeen	 ﾠlooked	 ﾠat	 ﾠsystematically.	 ﾠ	 ﾠ
We	 ﾠbegan	 ﾠby	 ﾠinvestigating	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠiSPNs	 ﾠon	 ﾠcortical	 ﾠfiring.	 ﾠSimilar	 ﾠto	 ﾠM1	 ﾠiSPN	 ﾠactivation	 ﾠ
decreased	 ﾠfiring	 ﾠin	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠFC	 ﾠunits	 ﾠ(Fig	 ﾠ3.7a,c).	 ﾠHowever,	 ﾠthe	 ﾠmodulation	 ﾠhad	 ﾠsome	 ﾠnotable	 ﾠ
differences:	 ﾠthe	 ﾠtransient	 ﾠincrease	 ﾠin	 ﾠfiring	 ﾠat	 ﾠthe	 ﾠonset	 ﾠof	 ﾠlight	 ﾠthat	 ﾠwas	 ﾠpresent	 ﾠin	 ﾠsome	 ﾠshallow	 ﾠcells	 ﾠ
(Fig	 ﾠ 2.4,	 ﾠ 3.7a)	 ﾠ was	 ﾠ absent	 ﾠ in	 ﾠ frontal	 ﾠ cortex,	 ﾠ there	 ﾠ was	 ﾠ no	 ﾠ depth	 ﾠ dependence	 ﾠ on	 ﾠ the	 ﾠ degree	 ﾠ of	 ﾠ
modulation.	 ﾠFewer	 ﾠcells	 ﾠwere	 ﾠmodulated	 ﾠin	 ﾠFC	 ﾠthan	 ﾠin	 ﾠM1	 ﾠ(FC	 ﾠ27/76	 ﾠ35%	 ﾠvs	 ﾠM1:	 ﾠ136/193	 ﾠ70%,	 ﾠp<0.01	 ﾠ
Fisher’s	 ﾠ Exact	 ﾠ Test),	 ﾠ but	 ﾠ this	 ﾠ modulation	 ﾠ was	 ﾠ slightly	 ﾠ faster	 ﾠ than	 ﾠ inhibited	 ﾠ M1	 ﾠ cells,	 ﾠ on	 ﾠ par	 ﾠ with	 ﾠ
transiently	 ﾠ excited	 ﾠ M1	 ﾠ cells	 ﾠ (FC	 ﾠ inhibition	 ﾠ 138±21	 ﾠ ms	 ﾠ vs.	 ﾠ M1	 ﾠ inhibition	 ﾠ 169±22ms	 ﾠ vs.	 ﾠ M1	 ﾠ transient	 ﾠ
excitation	 ﾠ140±11ms;	 ﾠall	 ﾠn.s.	 ﾠKruskal-ﾭ‐Wallis	 ﾠtest,	 ﾠFig	 ﾠ3.7d).	 ﾠDespite	 ﾠthe	 ﾠsimilarity	 ﾠin	 ﾠtiming	 ﾠof	 ﾠthe	 ﾠFC	 ﾠ
effects	 ﾠand	 ﾠthe	 ﾠtransiently	 ﾠexcited	 ﾠM1	 ﾠcells,	 ﾠit	 ﾠis	 ﾠunlikely	 ﾠthat	 ﾠthey	 ﾠrepresent	 ﾠthe	 ﾠsame	 ﾠprojection,	 ﾠas	 ﾠ
they	 ﾠhave	 ﾠopposite	 ﾠsigns.	 ﾠStill	 ﾠthis	 ﾠmay	 ﾠsuggest	 ﾠthat	 ﾠboth	 ﾠthese	 ﾠprojections	 ﾠtake	 ﾠone	 ﾠless	 ﾠsynapse	 ﾠon	 ﾠ
their	 ﾠway	 ﾠto	 ﾠcortex,	 ﾠas	 ﾠthey	 ﾠare	 ﾠboth	 ﾠfaster	 ﾠthan	 ﾠthe	 ﾠcanonical	 ﾠpath	 ﾠby	 ﾠa	 ﾠsimilar	 ﾠamount.	 ﾠ
	 ﾠ Lastly	 ﾠwe	 ﾠexamined	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠdSPN	 ﾠactivation	 ﾠon	 ﾠfrontal	 ﾠcortex.	 ﾠIn	 ﾠcontrast	 ﾠto	 ﾠM1	 ﾠdSPN	 ﾠ
activation	 ﾠinhibited	 ﾠsome	 ﾠFCs	 ﾠdespite	 ﾠbeing	 ﾠpredominately	 ﾠexcitatory	 ﾠ(Fig	 ﾠ3.7b,e).	 ﾠMost	 ﾠcells	 ﾠthat	 ﾠwere	 ﾠ	 ﾠ
	 ﾠ
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excited	 ﾠwere	 ﾠonly	 ﾠexcited	 ﾠbriefly,	 ﾠalthough	 ﾠcells	 ﾠwith	 ﾠsustained	 ﾠelevated	 ﾠfiring	 ﾠrates	 ﾠwere	 ﾠpresent.	 ﾠThis	 ﾠ
breif	 ﾠexcitation	 ﾠtypically	 ﾠlasted	 ﾠ<500ms	 ﾠbut	 ﾠlasted	 ﾠlonger	 ﾠthan	 ﾠthe	 ﾠtransient	 ﾠexcitation	 ﾠof	 ﾠM1	 ﾠby	 ﾠthe	 ﾠiSPN.	 ﾠ
As	 ﾠit	 ﾠis	 ﾠunlikely	 ﾠthat	 ﾠthe	 ﾠEY217	 ﾠvarient	 ﾠof	 ﾠthe	 ﾠD1-ﾭ‐Cre	 ﾠprojects	 ﾠdirectly	 ﾠto	 ﾠthe	 ﾠGP	 ﾠit	 ﾠis	 ﾠmost	 ﾠlikely	 ﾠthat	 ﾠthe	 ﾠ
differences	 ﾠbetween	 ﾠFC	 ﾠand	 ﾠM1	 ﾠare	 ﾠdue	 ﾠto	 ﾠthe	 ﾠdifferent	 ﾠthalamic	 ﾠprojections	 ﾠand	 ﾠnot	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠroute.	 ﾠ
Separate	 ﾠloops	 ﾠexist	 ﾠbetween	 ﾠdifferent	 ﾠregions	 ﾠof	 ﾠthe	 ﾠcortex,	 ﾠwith	 ﾠMD	 ﾠprojecting	 ﾠprimarily	 ﾠto	 ﾠFC	 ﾠwhile	 ﾠ
VA/VL	 ﾠproject	 ﾠto	 ﾠthe	 ﾠMotor	 ﾠcortex.	 ﾠWith	 ﾠthis	 ﾠmechanism	 ﾠin	 ﾠmind	 ﾠwe	 ﾠcan	 ﾠconclude	 ﾠthat	 ﾠmany	 ﾠBG	 ﾠloops	 ﾠ
are	 ﾠinvolved	 ﾠin	 ﾠsimilar	 ﾠbut	 ﾠnot	 ﾠidentical	 ﾠactions.	 ﾠThe	 ﾠGP-ﾭ‐FC	 ﾠloop	 ﾠmay	 ﾠcontribute	 ﾠto	 ﾠthe	 ﾠmodulation	 ﾠof	 ﾠ
each	 ﾠof	 ﾠthese	 ﾠpaths.	 ﾠ	 ﾠ	 ﾠ
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Figure	 ﾠ3.7.	 ﾠComparison	 ﾠof	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivation	 ﾠin	 ﾠM1	 ﾠor	 ﾠFC	 ﾠ
(A-ﾭ‐B)	 ﾠtop,	 ﾠmean	 ﾠ±	 ﾠSEM	 ﾠfiring	 ﾠrate	 ﾠof	 ﾠall	 ﾠcortical	 ﾠcells	 ﾠduring	 ﾠiSPN	 ﾠ(A)	 ﾠor	 ﾠdSPN	 ﾠ(B)	 ﾠstimulation	 ﾠin	 ﾠM1	 ﾠmotor	 ﾠcortex	 ﾠ
(left)	 ﾠor	 ﾠfrontal	 ﾠcortex,	 ﾠFC,	 ﾠ(Right).	 ﾠBlue	 ﾠbar	 ﾠindicates	 ﾠperiod	 ﾠof	 ﾠconstant	 ﾠstriatal	 ﾠillumination,	 ﾠonly	 ﾠtrials	 ﾠwhere	 ﾠthe	 ﾠ
animal	 ﾠdid	 ﾠnot	 ﾠpress	 ﾠa	 ﾠlever	 ﾠare	 ﾠincluded	 ﾠin	 ﾠthis	 ﾠanalysis.	 ﾠBottom,	 ﾠall	 ﾠunits	 ﾠare	 ﾠpresented	 ﾠnormalized	 ﾠand	 ﾠsorted	 ﾠby	 ﾠ
the	 ﾠmagnitude	 ﾠof	 ﾠtheir	 ﾠmodulation.	 ﾠ	 ﾠ
(C,E)	 ﾠLight	 ﾠmodulation	 ﾠindex	 ﾠhistogram	 ﾠof	 ﾠall	 ﾠunits	 ﾠrecorded	 ﾠin	 ﾠM1	 ﾠ(top)	 ﾠor	 ﾠFC	 ﾠ(bottom)	 ﾠduring	 ﾠiSPN	 ﾠ(C)	 ﾠor	 ﾠdSPN	 ﾠ(E)	 ﾠ
stimulation.	 ﾠ	 ﾠIndex	 ﾠis	 ﾠcalculated	 ﾠbased	 ﾠon	 ﾠFiring	 ﾠRate	 ﾠ(FR)	 ﾠas	 ﾠIndex	 ﾠ=	 ﾠ(FRON-ﾭ‐FROFF)/(FRON+FROFF)	 ﾠ
(D)	 ﾠTime	 ﾠto	 ﾠlight	 ﾠmodulation,	 ﾠup	 ﾠor	 ﾠdown,	 ﾠfor	 ﾠindirect	 ﾠpathway	 ﾠactivation.	 ﾠEach	 ﾠunit’s	 ﾠtime	 ﾠto	 ﾠrespond	 ﾠis	 ﾠcalculated	 ﾠ
as	 ﾠthe	 ﾠfirst	 ﾠbin	 ﾠafter	 ﾠlight	 ﾠonset	 ﾠthat	 ﾠis	 ﾠ>±2	 ﾠSD	 ﾠfrom	 ﾠthe	 ﾠbaseline,	 ﾠ1.5s	 ﾠpre	 ﾠlight	 ﾠperiod.	 ﾠAll	 ﾠM1	 ﾠData	 ﾠis	 ﾠalso	 ﾠdisplayed	 ﾠ
in	 ﾠChapter	 ﾠ2.	 ﾠ	 ﾠ	 ﾠ
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3.4	 ﾠDiscussion	 ﾠ
	 ﾠ The	 ﾠpresence	 ﾠof	 ﾠa	 ﾠGABAergic	 ﾠoutput	 ﾠto	 ﾠcortex	 ﾠunder	 ﾠcontrol	 ﾠof	 ﾠstriatal	 ﾠSPNs	 ﾠcould	 ﾠbe	 ﾠ
important	 ﾠfor	 ﾠunderstanding	 ﾠthe	 ﾠetiology	 ﾠand	 ﾠtreatment	 ﾠof	 ﾠmotor	 ﾠand	 ﾠpsychiatric	 ﾠdiseases	 ﾠthat	 ﾠaffect	 ﾠBG	 ﾠ
circuitry(Haber	 ﾠ2003;	 ﾠAlbin	 ﾠet	 ﾠal.	 ﾠ1989).	 ﾠOne	 ﾠexample	 ﾠis	 ﾠschizophrenia,	 ﾠwhich	 ﾠoften	 ﾠpresents	 ﾠin	 ﾠlate	 ﾠ
adolescence,	 ﾠa	 ﾠperiod	 ﾠassociated	 ﾠwith	 ﾠdynamic	 ﾠdevelopmental	 ﾠchanges	 ﾠof	 ﾠinhibitory	 ﾠcircuits	 ﾠin	 ﾠ
prefrontal	 ﾠcortex(Freeze	 ﾠet	 ﾠal.	 ﾠ2013;	 ﾠKimura	 ﾠet	 ﾠal.	 ﾠ1984;	 ﾠKravitz	 ﾠet	 ﾠal.	 ﾠ2010).	 ﾠMounting	 ﾠevidence	 ﾠsuggests	 ﾠ
that	 ﾠoveractive	 ﾠdopamine	 ﾠsignaling	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠmay	 ﾠplay	 ﾠan	 ﾠimportant	 ﾠpart	 ﾠin	 ﾠthe	 ﾠdisease(Graybiel	 ﾠet	 ﾠ
al.	 ﾠ1994;	 ﾠOldenburg	 ﾠ&	 ﾠDing	 ﾠ2011).	 ﾠA	 ﾠcornerstone	 ﾠof	 ﾠthis	 ﾠtheory	 ﾠis	 ﾠthe	 ﾠmechanism	 ﾠof	 ﾠaction	 ﾠof	 ﾠ
antipsychotic	 ﾠdrugs,	 ﾠwhich	 ﾠrelieve	 ﾠhallucinations	 ﾠand	 ﾠdelusions	 ﾠby	 ﾠblocking	 ﾠD2rs(DeLong	 ﾠ1990;	 ﾠHigley	 ﾠet	 ﾠ
al.	 ﾠ2011;	 ﾠAlbin	 ﾠet	 ﾠal.	 ﾠ1989).	 ﾠSchizophrenics	 ﾠexhibit	 ﾠimbalances	 ﾠin	 ﾠboth	 ﾠGABA(Gerfen	 ﾠet	 ﾠal.	 ﾠ1990;	 ﾠHaber	 ﾠet	 ﾠ
al.	 ﾠ1985)	 ﾠand	 ﾠACh(Cazorla	 ﾠet	 ﾠal.	 ﾠ2014;	 ﾠTepper	 ﾠ&	 ﾠBolam	 ﾠ2004;	 ﾠKawaguchi	 ﾠet	 ﾠal.	 ﾠ1990)	 ﾠneurotransmitter	 ﾠ
systems,	 ﾠas	 ﾠwell	 ﾠas	 ﾠmarked	 ﾠchanges	 ﾠin	 ﾠmorphology	 ﾠand	 ﾠgene	 ﾠexpression	 ﾠof	 ﾠcortical	 ﾠinterneurons(Smith	 ﾠ&	 ﾠ
Bolam	 ﾠ1991;	 ﾠMarsden	 ﾠ1982).	 ﾠ	 ﾠSince	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠare	 ﾠactive	 ﾠin	 ﾠvivo	 ﾠ(Fig	 ﾠ3.5,	 ﾠ3.6),	 ﾠrelease	 ﾠGABA	 ﾠand	 ﾠACh	 ﾠ
onto	 ﾠinterneurons	 ﾠin	 ﾠFC	 ﾠ(Fig.	 ﾠ3.3),	 ﾠand	 ﾠare	 ﾠinhibited	 ﾠby	 ﾠD2r-ﾭ‐expressing	 ﾠiSPNs	 ﾠ(Fig.	 ﾠ3.4),	 ﾠwe	 ﾠpropose	 ﾠthat	 ﾠ
they	 ﾠmay	 ﾠbe	 ﾠcritically	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠpathogenesis	 ﾠof	 ﾠschizophrenia.	 ﾠ
The	 ﾠcircuit	 ﾠfunction	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠsuggests	 ﾠa	 ﾠmajor	 ﾠrevision	 ﾠto	 ﾠaccepted	 ﾠmodels	 ﾠof	 ﾠsubcortical-ﾭ‐
cortical	 ﾠfeedback	 ﾠcircuitry.	 ﾠWithin	 ﾠthe	 ﾠBG,	 ﾠthe	 ﾠdirect	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠare	 ﾠthought	 ﾠto	 ﾠexert	 ﾠopposite	 ﾠ
effects	 ﾠon	 ﾠcortical	 ﾠactivity	 ﾠthrough	 ﾠbidirectional	 ﾠcontrol	 ﾠof	 ﾠthalamic	 ﾠactivity(Deniau	 ﾠ&	 ﾠChevalier	 ﾠ1985;	 ﾠ
Albin	 ﾠet	 ﾠal.	 ﾠ1989;	 ﾠAlexander	 ﾠ&	 ﾠCrutcher	 ﾠ1990;	 ﾠGraybiel	 ﾠ1990;	 ﾠChevalier	 ﾠ&	 ﾠDeniau	 ﾠ1990;	 ﾠParent	 ﾠ1990;	 ﾠ
DeLong	 ﾠ1990;	 ﾠParent	 ﾠ&	 ﾠHazrati	 ﾠ1995).	 ﾠThe	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠpermits	 ﾠthe	 ﾠBG	 ﾠto	 ﾠbypass	 ﾠthalamus	 ﾠand	 ﾠ
directly	 ﾠcontrol	 ﾠcortical	 ﾠstates.	 ﾠChAT-ﾭ‐	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠrelease	 ﾠGABA	 ﾠpredominantly	 ﾠonto	 ﾠlayer	 ﾠ5	 ﾠpyramidal	 ﾠ
neurons	 ﾠand	 ﾠinterneurons	 ﾠacross	 ﾠlayers,	 ﾠsuggesting	 ﾠinhibitory	 ﾠand	 ﾠdis-ﾭ‐inhibitory	 ﾠionotropic	 ﾠeffects	 ﾠon	 ﾠ
microcircuits.	 ﾠChAT+	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠlikely	 ﾠhave	 ﾠa	 ﾠmixed	 ﾠexcitatory	 ﾠand	 ﾠinhibitory	 ﾠeffect	 ﾠon	 ﾠcortical	 ﾠ	 ﾠ
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microcircuits	 ﾠby	 ﾠreleasing	 ﾠboth	 ﾠGABA	 ﾠand	 ﾠACh	 ﾠonto	 ﾠinterneurons.	 ﾠFurthermore,	 ﾠGABA	 ﾠco-ﾭ‐release	 ﾠmay	 ﾠbe	 ﾠ
widespread	 ﾠin	 ﾠthe	 ﾠbasal	 ﾠforebrain	 ﾠcholinergic	 ﾠsystem	 ﾠand	 ﾠan	 ﾠimportant	 ﾠfeature	 ﾠof	 ﾠsubcortical	 ﾠregulation	 ﾠ
of	 ﾠbehavioral	 ﾠstate	 ﾠand	 ﾠcortical	 ﾠplasticity.	 ﾠIn	 ﾠcontrast	 ﾠto	 ﾠtheir	 ﾠopposing	 ﾠeffects	 ﾠon	 ﾠthalamic	 ﾠoutput,	 ﾠthe	 ﾠ
direct	 ﾠand	 ﾠindirect	 ﾠpathways	 ﾠboth	 ﾠinhibit	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection.	 ﾠConversely,	 ﾠthe	 ﾠhyperdirect	 ﾠpathway	 ﾠ
through	 ﾠthe	 ﾠSTN	 ﾠexcites	 ﾠboth	 ﾠthalamus	 ﾠvia	 ﾠthe	 ﾠSNr(Gerfen	 ﾠet	 ﾠal.	 ﾠ1982;	 ﾠSmith	 ﾠ&	 ﾠBolam	 ﾠ1989;	 ﾠKawaguchi	 ﾠ
et	 ﾠal.	 ﾠ1990;	 ﾠKelly	 ﾠ&	 ﾠStrick	 ﾠ2004)	 ﾠand	 ﾠGP-ﾭ‐FC	 ﾠneurons	 ﾠdirectly.	 ﾠThis	 ﾠconnectivity	 ﾠsuggests	 ﾠthat	 ﾠas	 ﾠcortical	 ﾠ
information	 ﾠenters	 ﾠthe	 ﾠBG,	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠeach	 ﾠinternal	 ﾠBG	 ﾠpathway	 ﾠwill	 ﾠrecruit	 ﾠthe	 ﾠthalamic	 ﾠand	 ﾠcortical	 ﾠ
outputs	 ﾠdifferently,	 ﾠimposing	 ﾠdistinct	 ﾠfeedback	 ﾠeffects	 ﾠacross	 ﾠcortical	 ﾠareas	 ﾠin	 ﾠorder	 ﾠto	 ﾠcontrol	 ﾠbehavior.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
3.5	 ﾠMaterials	 ﾠand	 ﾠMethods	 ﾠ
Mice.	 ﾠ Bacterial	 ﾠ artificial	 ﾠ chromosome	 ﾠ (BAC)	 ﾠ transgenic	 ﾠ mice	 ﾠ expressing	 ﾠ EGFP	 ﾠ under	 ﾠ control	 ﾠ of	 ﾠ the	 ﾠ
dopamine	 ﾠ 2	 ﾠ receptor	 ﾠ locus	 ﾠ (Drd2-ﾭ‐EGFP)	 ﾠ were	 ﾠ used	 ﾠ to	 ﾠ define	 ﾠ the	 ﾠ anatomical	 ﾠ border	 ﾠ of	 ﾠ the	 ﾠ globus	 ﾠ
pallidus	 ﾠ externus	 ﾠ (GP)	 ﾠ and	 ﾠ ventral	 ﾠ pallidum	 ﾠ (VP)	 ﾠ through	 ﾠ the	 ﾠ expression	 ﾠ of	 ﾠ EGFP	 ﾠ in	 ﾠ striatal	 ﾠ iSPNs	 ﾠ
(GENSAT,	 ﾠfounder	 ﾠline	 ﾠS118).	 ﾠCre	 ﾠrecombinase	 ﾠwas	 ﾠtargeted	 ﾠto	 ﾠspecific	 ﾠcell	 ﾠtypes	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠ
using	 ﾠknock-ﾭ‐in	 ﾠor	 ﾠBAC	 ﾠtransgenic	 ﾠmice	 ﾠto	 ﾠdrive	 ﾠCre	 ﾠexpression	 ﾠunder	 ﾠgene-ﾭ‐specific	 ﾠregulatory	 ﾠelements.	 ﾠ	 ﾠ
Cre	 ﾠknock-ﾭ‐in	 ﾠmice	 ﾠfor	 ﾠcholine	 ﾠacetyltransferase	 ﾠ(ChAT)(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠGraybiel	 ﾠet	 ﾠal.	 ﾠ1994;	 ﾠBateup	 ﾠet	 ﾠ
al.	 ﾠ2010)	 ﾠand	 ﾠSlc32a1	 ﾠ(vesicular	 ﾠGABA	 ﾠtransporter	 ﾠor	 ﾠVgat)(Freeze	 ﾠet	 ﾠal.	 ﾠ2013;	 ﾠDeLong	 ﾠ1990;	 ﾠAlbin	 ﾠet	 ﾠal.	 ﾠ
1989)	 ﾠ	 ﾠwere	 ﾠ generously	 ﾠ provided	 ﾠ by	 ﾠ Brad	 ﾠ Lowell	 ﾠ (Beth	 ﾠ Israel	 ﾠ Deaconess	 ﾠ Medical	 ﾠ Center)	 ﾠ and	 ﾠ are	 ﾠ
available	 ﾠfrom	 ﾠthe	 ﾠJackson	 ﾠLabs	 ﾠ(ChAT
i-ﾭ‐Cre,	 ﾠstock	 ﾠ#006410;	 ﾠVgat
i-ﾭ‐Cre,	 ﾠstock	 ﾠ#016962).	 ﾠAll	 ﾠknock-ﾭ‐in	 ﾠmice	 ﾠlink	 ﾠ
Cre	 ﾠexpression	 ﾠto	 ﾠthe	 ﾠgene	 ﾠof	 ﾠinterest	 ﾠusing	 ﾠan	 ﾠinternal	 ﾠribosome	 ﾠentry	 ﾠsite.	 ﾠTargeting	 ﾠCre	 ﾠexpression	 ﾠin	 ﾠ
dSPNs	 ﾠwas	 ﾠachieved	 ﾠwith	 ﾠBAC	 ﾠtransgenic	 ﾠmice	 ﾠexpressing	 ﾠCre	 ﾠunder	 ﾠcontrol	 ﾠof	 ﾠthe	 ﾠdopamine	 ﾠreceptor	 ﾠ1	 ﾠ
(Drd1a)	 ﾠ or	 ﾠ in	 ﾠ iSPNs	 ﾠ with	 ﾠ Cre	 ﾠ under	 ﾠ control	 ﾠ of	 ﾠ the	 ﾠ adenosine	 ﾠ 2A	 ﾠ receptor	 ﾠ (Adora2a)	 ﾠ or	 ﾠ dopamine	 ﾠ
receptor	 ﾠ2	 ﾠ(Drd2)	 ﾠregulatory	 ﾠelements	 ﾠand	 ﾠobtained	 ﾠfrom	 ﾠGENSAT	 ﾠ(Drd1a-ﾭ‐Cre,	 ﾠfounder	 ﾠEY262,	 ﾠstock	 ﾠ	 ﾠ
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#017264-ﾭ‐UCD;	 ﾠ Adora2a-ﾭ‐Cre,	 ﾠ founder	 ﾠ KG139,	 ﾠ stock	 ﾠ #	 ﾠ 031168-ﾭ‐UCD;	 ﾠ Drd2-ﾭ‐Cre,	 ﾠ founder	 ﾠ ER43,	 ﾠ stock	 ﾠ
#017268-ﾭ‐UCD).	 ﾠA	 ﾠsecond	 ﾠDrd1a-ﾭ‐cre	 ﾠwas	 ﾠused	 ﾠin	 ﾠsome	 ﾠin	 ﾠvivo	 ﾠexperiments,	 ﾠreferred	 ﾠto	 ﾠas	 ﾠEY217	 ﾠvariant	 ﾠ
(Drd1a-ﾭ‐Cre,	 ﾠfounder	 ﾠEY217,	 ﾠSTOCK	 ﾠTg(Drd1a-ﾭ‐cre)EY217Gsat/Mmucd).	 ﾠ	 ﾠTo	 ﾠvisualize	 ﾠthe	 ﾠfull	 ﾠprocesses	 ﾠof	 ﾠ
Cre	 ﾠexpressing	 ﾠcells,	 ﾠCre	 ﾠmice	 ﾠwere	 ﾠbred	 ﾠto	 ﾠCre-ﾭ‐dependent	 ﾠTdTomato	 ﾠreporter	 ﾠallele(Mahon	 ﾠet	 ﾠal.	 ﾠ2006;	 ﾠ
Gerfen	 ﾠet	 ﾠal.	 ﾠ1990;	 ﾠSpampinato	 ﾠet	 ﾠal.	 ﾠ1986)	 ﾠ(Ai14;	 ﾠJackson	 ﾠLabs,	 ﾠstock	 ﾠ#	 ﾠ007914;	 ﾠreferred	 ﾠto	 ﾠas	 ﾠRosa26
lsl-ﾭ‐
tdTomato).	 ﾠTo	 ﾠvisualize	 ﾠthe	 ﾠsomata	 ﾠof	 ﾠCre	 ﾠexpressing	 ﾠcells,	 ﾠthe	 ﾠCre-ﾭ‐dependent	 ﾠZsGreen	 ﾠreporter	 ﾠallele	 ﾠwas	 ﾠ
used	 ﾠ (Ai6;	 ﾠ Jackson	 ﾠ Labs,	 ﾠ stock	 ﾠ #	 ﾠ 007906;	 ﾠ referred	 ﾠ to	 ﾠ Rosa26
lsl-ﾭ‐zsGreen).	 ﾠ To	 ﾠ target	 ﾠ channelrhodopsin-ﾭ‐2	 ﾠ
(ChR2)	 ﾠto	 ﾠall	 ﾠCre	 ﾠexpressing	 ﾠcells,	 ﾠCre	 ﾠdriver	 ﾠmice	 ﾠwere	 ﾠbred	 ﾠto	 ﾠa	 ﾠCre-ﾭ‐dependent	 ﾠChR2(H134R)-ﾭ‐EYFP	 ﾠ
transgene(Histed	 ﾠ et	 ﾠ al.	 ﾠ 2012;	 ﾠ Cazorla	 ﾠ et	 ﾠ al.	 ﾠ 2014;	 ﾠ Kawaguchi	 ﾠ et	 ﾠ al.	 ﾠ 1990)(Ai32;	 ﾠ Jackson	 ﾠ Labs,	 ﾠ stock	 ﾠ
#012569;	 ﾠreferred	 ﾠto	 ﾠas	 ﾠRosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP).	 ﾠ	 ﾠConditional	 ﾠknockout	 ﾠof	 ﾠ Slc32a1	 ﾠ(Vgat)	 ﾠwas	 ﾠachieved	 ﾠby	 ﾠ
introgressing	 ﾠa	 ﾠSlc32a	 ﾠallele(Wilson	 ﾠ&	 ﾠGroves	 ﾠ1980;	 ﾠSmith	 ﾠ&	 ﾠBolam	 ﾠ1991;	 ﾠKozorovitskiy	 ﾠet	 ﾠal.	 ﾠ2012)	 ﾠ
where	 ﾠthe	 ﾠsecond	 ﾠexon	 ﾠis	 ﾠflanked	 ﾠby	 ﾠloxp	 ﾠsites	 ﾠ(Jackson	 ﾠLabs,	 ﾠstock#	 ﾠ012897;referred	 ﾠto	 ﾠas	 ﾠVgat
fl/fl)	 ﾠinto	 ﾠ
ChAT	 ﾠ
i-ﾭ‐Cre;Rosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP	 ﾠ mice.	 ﾠ In	 ﾠ experiments	 ﾠ designed	 ﾠ to	 ﾠ identify	 ﾠ cortical	 ﾠ cells	 ﾠ neighboring	 ﾠ ChR2
+	 ﾠ
ChAT+	 ﾠor	 ﾠChAT-ﾭ‐	 ﾠGP-ﾭ‐FC	 ﾠaxons	 ﾠas	 ﾠpyramids	 ﾠor	 ﾠinterneurons,	 ﾠChAT	 ﾠ
i-ﾭ‐Cre	 ﾠmice	 ﾠalso	 ﾠcarried	 ﾠa	 ﾠGAD67
GFP	 ﾠknock-ﾭ‐
in	 ﾠallele(Taverna	 ﾠet	 ﾠal.	 ﾠ2008;	 ﾠDeniau	 ﾠ&	 ﾠChevalier	 ﾠ1985;	 ﾠAlexander	 ﾠ&	 ﾠCrutcher	 ﾠ1990)	 ﾠto	 ﾠhighlight	 ﾠa	 ﾠsubset	 ﾠ
of	 ﾠcortical	 ﾠinterneurons	 ﾠsynthesizing	 ﾠGABA.	 ﾠ	 ﾠWild	 ﾠtype	 ﾠmice	 ﾠrefer	 ﾠto	 ﾠC57BL/6	 ﾠobtained	 ﾠfrom	 ﾠCharles	 ﾠ
River.	 ﾠ Transgenic	 ﾠ mice	 ﾠ were	 ﾠ of	 ﾠ a	 ﾠ mixed	 ﾠ genetic	 ﾠ background.	 ﾠ All	 ﾠ experimental	 ﾠ manipulations	 ﾠ were	 ﾠ
performed	 ﾠin	 ﾠaccordance	 ﾠwith	 ﾠprotocols	 ﾠapproved	 ﾠby	 ﾠthe	 ﾠHarvard	 ﾠStanding	 ﾠCommittee	 ﾠon	 ﾠAnimal	 ﾠCare	 ﾠ
following	 ﾠguidelines	 ﾠdescribed	 ﾠin	 ﾠthe	 ﾠUS	 ﾠNational	 ﾠInstitutes	 ﾠof	 ﾠHealth	 ﾠGuide	 ﾠfor	 ﾠthe	 ﾠCare	 ﾠand	 ﾠUse	 ﾠof	 ﾠ
Laboratory	 ﾠAnimals.	 ﾠ
	 ﾠ
Virus	 ﾠPreparation.	 ﾠCre-ﾭ‐On	 ﾠor	 ﾠCre-ﾭ‐Off	 ﾠconditional	 ﾠexpression	 ﾠwas	 ﾠachieved	 ﾠusing	 ﾠrecombinant	 ﾠadeno-ﾭ‐
associated	 ﾠvirus	 ﾠ(rAAV)	 ﾠcarry	 ﾠtransgenic	 ﾠcassettes	 ﾠwhose	 ﾠtranscription	 ﾠwas	 ﾠactivated	 ﾠor	 ﾠinactivated	 ﾠby	 ﾠ
Cre	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠGerfen	 ﾠet	 ﾠal.	 ﾠ1982;	 ﾠSmith	 ﾠ&	 ﾠBolam	 ﾠ1989;	 ﾠKawaguchi	 ﾠet	 ﾠal.	 ﾠ1990;	 ﾠKelly	 ﾠ&	 ﾠStrick	 ﾠ	 ﾠ
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2004).	 ﾠ Cre-ﾭ‐On	 ﾠ conditional	 ﾠ expression	 ﾠ of	 ﾠ channelrhodopsin-ﾭ‐2	 ﾠ (ChR2-ﾭ‐mCherry,	 ﾠ H134R	 ﾠ variant),	 ﾠ EGFP,	 ﾠ
mCherry,	 ﾠ or	 ﾠ Synaptophysin-ﾭ‐mCherry	 ﾠ was	 ﾠ achieved	 ﾠ by	 ﾠ using	 ﾠ a	 ﾠ double-ﾭ‐floxed	 ﾠ inverted	 ﾠ open	 ﾠ reading	 ﾠ
frame	 ﾠ(DIO).	 ﾠ	 ﾠCre-ﾭ‐Off	 ﾠconditional	 ﾠexpression	 ﾠof	 ﾠChR2-ﾭ‐mCherry	 ﾠwas	 ﾠachieved	 ﾠby	 ﾠstarting	 ﾠthe	 ﾠopen	 ﾠreading	 ﾠ
frame	 ﾠin	 ﾠthe	 ﾠnon-ﾭ‐inverted	 ﾠorientation	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠthe	 ﾠpromoter	 ﾠ(DO).	 ﾠ	 ﾠTo	 ﾠachieve	 ﾠsimultaneous	 ﾠCre-ﾭ‐
On	 ﾠEGFP	 ﾠand	 ﾠCre-ﾭ‐Off	 ﾠtdTomato	 ﾠlabeling,	 ﾠDIO-ﾭ‐EGFP	 ﾠwas	 ﾠmixed	 ﾠ1:1	 ﾠwith	 ﾠFAS-ﾭ‐tdTomato,	 ﾠan	 ﾠalternative	 ﾠ
Cre-ﾭ‐Off	 ﾠrAAV	 ﾠbackbone	 ﾠthat	 ﾠachieves	 ﾠCre-ﾭ‐Off	 ﾠexpression	 ﾠthrough	 ﾠexcision	 ﾠof	 ﾠthe	 ﾠopen	 ﾠreading	 ﾠframe	 ﾠ
using	 ﾠalternative	 ﾠloxp	 ﾠsites(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010;	 ﾠBateup	 ﾠet	 ﾠal.	 ﾠ2010).	 ﾠDIO,	 ﾠDO,	 ﾠand	 ﾠFAS	 ﾠrAAVs	 ﾠall	 ﾠuse	 ﾠthe	 ﾠ
EF1a	 ﾠpromoter	 ﾠand	 ﾠwere	 ﾠpackaged	 ﾠin	 ﾠserotype	 ﾠ8	 ﾠby	 ﾠa	 ﾠcommercial	 ﾠvector	 ﾠcore	 ﾠfacility	 ﾠ(University	 ﾠof	 ﾠ
North	 ﾠCarolina).	 ﾠAll	 ﾠrAAVs	 ﾠwere	 ﾠstored	 ﾠin	 ﾠundiluted	 ﾠaliquots	 ﾠat	 ﾠa	 ﾠconcentration	 ﾠ>10
12	 ﾠgenomic	 ﾠcopies	 ﾠper	 ﾠ
ml	 ﾠat	 ﾠ−80°C	 ﾠuntil	 ﾠintracranial	 ﾠinjection.	 ﾠ	 ﾠ
	 ﾠ
Stereotaxic	 ﾠintracranial	 ﾠinjections.	 ﾠMale	 ﾠand	 ﾠfemale	 ﾠmice	 ﾠ(postnatal	 ﾠday	 ﾠ20–120)	 ﾠwere	 ﾠanesthetized	 ﾠ
with	 ﾠisoflurane	 ﾠand	 ﾠplaced	 ﾠin	 ﾠa	 ﾠsmall	 ﾠanimal	 ﾠstereotaxic	 ﾠframe	 ﾠ(David	 ﾠKopf	 ﾠInstruments).	 ﾠUnder	 ﾠaseptic	 ﾠ
conditions,	 ﾠthe	 ﾠskull	 ﾠwas	 ﾠexposed	 ﾠand	 ﾠa	 ﾠsmall	 ﾠhole	 ﾠwas	 ﾠdrilled.	 ﾠFor	 ﾠrAAVs	 ﾠinjections,	 ﾠ200-ﾭ‐350	 ﾠnl	 ﾠtotal	 ﾠ
volume	 ﾠwas	 ﾠdelivered	 ﾠbilaterally	 ﾠinto	 ﾠthe	 ﾠventral	 ﾠGP/dorsal	 ﾠNB	 ﾠor	 ﾠ500	 ﾠnl	 ﾠinto	 ﾠdorsal	 ﾠstriatum	 ﾠthrough	 ﾠa	 ﾠ
pulled	 ﾠglass	 ﾠpipette	 ﾠat	 ﾠa	 ﾠrate	 ﾠof	 ﾠ200	 ﾠnlﾷ∙min
−1	 ﾠusing	 ﾠa	 ﾠMicroinject	 ﾠsystem	 ﾠ(World	 ﾠPrecision	 ﾠInstruments).	 ﾠ
GP	 ﾠinjection	 ﾠcoordinates	 ﾠwere	 ﾠ0.7	 ﾠmm	 ﾠposterior	 ﾠfrom	 ﾠBregma,	 ﾠ2.0	 ﾠmm	 ﾠlateral	 ﾠand	 ﾠ3.8	 ﾠmm	 ﾠbelow	 ﾠthe	 ﾠ
pia.	 ﾠDorsal	 ﾠstriatum	 ﾠinjection	 ﾠcoordinates	 ﾠwere	 ﾠ0.9	 ﾠmm	 ﾠanterior	 ﾠfrom	 ﾠBregma,	 ﾠ2.2	 ﾠmm	 ﾠlateral	 ﾠand	 ﾠ2.5	 ﾠ
mm	 ﾠbelow	 ﾠthe	 ﾠpia.	 ﾠAfter	 ﾠsurgical	 ﾠprocedures,	 ﾠmice	 ﾠreceived	 ﾠflunixin	 ﾠfor	 ﾠanalgesia	 ﾠand	 ﾠwere	 ﾠreturned	 ﾠto	 ﾠ
their	 ﾠhome	 ﾠcage	 ﾠfor	 ﾠ>21	 ﾠdays	 ﾠto	 ﾠallow	 ﾠfor	 ﾠmaximal	 ﾠgene	 ﾠexpression.	 ﾠTo	 ﾠidentify	 ﾠGP	 ﾠneurons	 ﾠthat	 ﾠproject	 ﾠ
to	 ﾠfrontal	 ﾠcortex,	 ﾠ200	 ﾠnl	 ﾠof	 ﾠfluorescent	 ﾠretro	 ﾠbeads	 ﾠ	 ﾠ(Red-ﾭ‐1X	 ﾠor	 ﾠGreen,	 ﾠLumafluor)	 ﾠwere	 ﾠinjected	 ﾠinto	 ﾠ
frontal	 ﾠ (anterior	 ﾠ to	 ﾠ striatum)	 ﾠ cortical	 ﾠ areas	 ﾠ including	 ﾠ secondary	 ﾠ motor	 ﾠ (M2),	 ﾠ primary	 ﾠ motor	 ﾠ (M1),	 ﾠ
primary	 ﾠsomatosensory	 ﾠ(S1)	 ﾠand	 ﾠdorsal	 ﾠand	 ﾠventral	 ﾠagranular	 ﾠinsular	 ﾠ(AID	 ﾠand	 ﾠAIV)	 ﾠcortices.	 ﾠFrontal	 ﾠ
cortex	 ﾠinjection	 ﾠcoordinates	 ﾠwere	 ﾠ1.9	 ﾠmm	 ﾠanterior	 ﾠfrom	 ﾠBregma,	 ﾠ1.8	 ﾠmm	 ﾠlateral	 ﾠand	 ﾠ2	 ﾠmm	 ﾠbelow	 ﾠthe	 ﾠ	 ﾠ
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pia.	 ﾠFollowing	 ﾠsurgery,	 ﾠmice	 ﾠreceived	 ﾠflunixin	 ﾠand	 ﾠwere	 ﾠreturned	 ﾠto	 ﾠtheir	 ﾠhome	 ﾠcage	 ﾠfor	 ﾠ3-ﾭ‐9	 ﾠdays	 ﾠbefore	 ﾠ
experimentation.	 ﾠStereotaxic	 ﾠcoordinates	 ﾠwere	 ﾠadjusted	 ﾠslightly	 ﾠby	 ﾠage.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
In	 ﾠvivo	 ﾠrecordings.	 ﾠAt	 ﾠleast	 ﾠ1	 ﾠweek	 ﾠafter	 ﾠthe	 ﾠinitial	 ﾠinjections,	 ﾠmice	 ﾠwere	 ﾠsurgically	 ﾠimplanted	 ﾠwith	 ﾠa	 ﾠ
permanent	 ﾠtitanium	 ﾠheadpost.	 ﾠIn	 ﾠthis	 ﾠsurgery	 ﾠthe	 ﾠcoordinates	 ﾠfor	 ﾠGP,	 ﾠFC,	 ﾠand	 ﾠM1	 ﾠwere	 ﾠmarked	 ﾠon	 ﾠthe	 ﾠ
surface	 ﾠof	 ﾠthe	 ﾠskull	 ﾠbased	 ﾠon	 ﾠstereotaxic	 ﾠcoordinates.	 ﾠThe	 ﾠheadpost	 ﾠwas	 ﾠsecured	 ﾠand	 ﾠthe	 ﾠanimal’s	 ﾠskull	 ﾠ
was	 ﾠcovered	 ﾠwith	 ﾠC&B	 ﾠmetabond	 ﾠ(Parkell	 ﾠInc).	 ﾠAnimals	 ﾠsubsequently	 ﾠsingly	 ﾠhoused	 ﾠand	 ﾠallowed	 ﾠto	 ﾠ
recover	 ﾠfor	 ﾠ1	 ﾠweek	 ﾠbefore	 ﾠhabituation	 ﾠto	 ﾠrestraint.	 ﾠ	 ﾠ
	 ﾠ Mice	 ﾠwere	 ﾠwater	 ﾠrestricted	 ﾠ(to	 ﾠ80%	 ﾠof	 ﾠtheir	 ﾠfree	 ﾠfeeding	 ﾠweight)	 ﾠand	 ﾠhabituated	 ﾠto	 ﾠrestraint	 ﾠin	 ﾠa	 ﾠ
custom-ﾭ‐made	 ﾠlever-ﾭ‐press	 ﾠtraining	 ﾠrig.	 ﾠThis	 ﾠrig	 ﾠallows	 ﾠthe	 ﾠanimal	 ﾠto	 ﾠpress	 ﾠa	 ﾠlever	 ﾠin	 ﾠresponse	 ﾠto	 ﾠan	 ﾠ
auditory	 ﾠcue,	 ﾠdesigned	 ﾠfor	 ﾠa	 ﾠprevious	 ﾠstudy	 ﾠ(Chapter	 ﾠ2).	 ﾠAnimals	 ﾠwere	 ﾠtrained	 ﾠfor	 ﾠincreasing	 ﾠdurations	 ﾠ
for	 ﾠat	 ﾠleast	 ﾠ3	 ﾠdays	 ﾠuntil	 ﾠthey	 ﾠwere	 ﾠable	 ﾠto	 ﾠtolerate	 ﾠheadrestraint	 ﾠfor	 ﾠ90	 ﾠmin	 ﾠwithout	 ﾠstruggling.	 ﾠIn	 ﾠthis	 ﾠ
time	 ﾠ animals	 ﾠ achieved	 ﾠ an	 ﾠ intermediate	 ﾠ level	 ﾠ of	 ﾠ performance	 ﾠ on	 ﾠ the	 ﾠ task,	 ﾠ where	 ﾠ they	 ﾠ knew	 ﾠ the	 ﾠ
association	 ﾠbetween	 ﾠlever	 ﾠpress	 ﾠand	 ﾠreward,	 ﾠbut	 ﾠwere	 ﾠnot	 ﾠproficient	 ﾠat	 ﾠrecognizing	 ﾠand	 ﾠresponding	 ﾠto	 ﾠ
tones.	 ﾠ	 ﾠ
	 ﾠ One	 ﾠday	 ﾠbefore	 ﾠthe	 ﾠfirst	 ﾠrecording	 ﾠday	 ﾠanimals	 ﾠwere	 ﾠanesthetized	 ﾠwith	 ﾠisoflurane	 ﾠand	 ﾠreceived	 ﾠa	 ﾠ
craniotomy	 ﾠ over	 ﾠ the	 ﾠ region	 ﾠ of	 ﾠ interest.	 ﾠ In	 ﾠ this	 ﾠ surgery,	 ﾠ if	 ﾠ necessary,	 ﾠ a	 ﾠ chronic	 ﾠ fiber	 ﾠ (62.5µm	 ﾠ core	 ﾠ
multimode	 ﾠfiber	 ﾠ(ecablemart.com)	 ﾠattached	 ﾠto	 ﾠa	 ﾠceramic	 ﾠLC	 ﾠferrule	 ﾠ(Pfp	 ﾠinc))	 ﾠwas	 ﾠimplanted	 ﾠat	 ﾠthe	 ﾠsame	 ﾠ
coordinates	 ﾠas	 ﾠthe	 ﾠGP	 ﾠviral	 ﾠinjection,	 ﾠbut	 ﾠat	 ﾠdepth	 ﾠ3.0mm.	 ﾠAll	 ﾠChronic	 ﾠfibers	 ﾠwere	 ﾠprescreened	 ﾠto	 ﾠhave	 ﾠ
>80%	 ﾠtransmission	 ﾠat	 ﾠ473nm	 ﾠlight.	 ﾠA	 ﾠceramic	 ﾠferrule	 ﾠconnecter	 ﾠlinked	 ﾠthe	 ﾠchronic	 ﾠfiber	 ﾠto	 ﾠa	 ﾠstandard	 ﾠLC	 ﾠ
cable.	 ﾠLight	 ﾠshuttering	 ﾠand	 ﾠoutput	 ﾠcontrol	 ﾠwas	 ﾠthrough	 ﾠa	 ﾠAcusto	 ﾠoptic	 ﾠmodulator	 ﾠ(AA	 ﾠsystems)	 ﾠand	 ﾠhad	 ﾠ
>1000:1	 ﾠocclusion	 ﾠratio.	 ﾠ	 ﾠ
	 ﾠ Recordings	 ﾠ were	 ﾠ made	 ﾠ using	 ﾠ 16	 ﾠ or	 ﾠ 32	 ﾠ channel	 ﾠ silicone	 ﾠ probes	 ﾠ with	 ﾠ 177µm
2	 ﾠ recording	 ﾠ sites	 ﾠ
(Neuronexus	 ﾠTechnologies)	 ﾠspaced	 ﾠ50µm	 ﾠapart	 ﾠand	 ﾠlowered	 ﾠto	 ﾠa	 ﾠdepth	 ﾠof	 ﾠ~1000µm	 ﾠbelow	 ﾠthe	 ﾠsurface	 ﾠ	 ﾠ
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of	 ﾠthe	 ﾠbrain.	 ﾠOptrode	 ﾠrecordings	 ﾠwere	 ﾠmade	 ﾠwith	 ﾠa	 ﾠ16	 ﾠchannel	 ﾠprobe	 ﾠof	 ﾠthe	 ﾠsame	 ﾠconfiguration	 ﾠfitted	 ﾠ
with	 ﾠa	 ﾠfiberoptic	 ﾠ100µm	 ﾠabove	 ﾠthe	 ﾠtop	 ﾠrecording	 ﾠsite	 ﾠ(Neuronexus	 ﾠTechnologies,	 ﾠOA	 ﾠseries).	 ﾠ	 ﾠAll	 ﾠin	 ﾠvivo	 ﾠ
electrophysiology	 ﾠwas	 ﾠacquired	 ﾠusing	 ﾠthe	 ﾠomniplex	 ﾠsystem	 ﾠ(Plexon	 ﾠInc)	 ﾠand	 ﾠfiltered	 ﾠat	 ﾠ300-ﾭ‐8KHz.	 ﾠSpike	 ﾠ
detection	 ﾠwas	 ﾠdone	 ﾠby	 ﾠlevel	 ﾠcrossing	 ﾠgenerally	 ﾠat	 ﾠ50µV	 ﾠand	 ﾠclustering	 ﾠto	 ﾠremove	 ﾠthe	 ﾠnoise	 ﾠcluster	 ﾠusing	 ﾠ
offline	 ﾠsorter	 ﾠ(plexon	 ﾠInc).	 ﾠUnits	 ﾠthat	 ﾠwere	 ﾠseparable	 ﾠwere	 ﾠcounted	 ﾠseparately,	 ﾠbut	 ﾠmany	 ﾠunits	 ﾠwere	 ﾠ
accepted	 ﾠas	 ﾠmulti-ﾭ‐unit.	 ﾠAll	 ﾠanalysis	 ﾠhere	 ﾠassumes	 ﾠeach	 ﾠunit	 ﾠas	 ﾠa	 ﾠpossible	 ﾠmulti-ﾭ‐unit	 ﾠand	 ﾠis	 ﾠonly	 ﾠseparated	 ﾠ
when	 ﾠnecessary.	 ﾠAll	 ﾠanalysis	 ﾠwas	 ﾠperformed	 ﾠusing	 ﾠcustom	 ﾠscripts	 ﾠin	 ﾠigor	 ﾠPro	 ﾠand	 ﾠetch-ﾭ‐a-ﾭ‐sketch.	 ﾠData	 ﾠ
visualization	 ﾠand	 ﾠstatistical	 ﾠanalysis	 ﾠwas	 ﾠdone	 ﾠusing	 ﾠIgor	 ﾠPro	 ﾠand	 ﾠGraphPad	 ﾠPrism.	 ﾠ
	 ﾠ
Fixed	 ﾠ Tissue	 ﾠ Preparation	 ﾠ and	 ﾠ Imaging.	 ﾠ Mice	 ﾠ were	 ﾠ deeply	 ﾠ anesthetized	 ﾠ with	 ﾠ isoflurane	 ﾠ and	 ﾠ
transcardially	 ﾠperfused	 ﾠwith	 ﾠ4%	 ﾠparaformaldehyde	 ﾠ(PFA)	 ﾠin	 ﾠ0.1	 ﾠM	 ﾠsodium	 ﾠphosphate	 ﾠbuffer	 ﾠ(1x	 ﾠPBS).	 ﾠ
Brains	 ﾠwere	 ﾠpost-ﾭ‐fixed	 ﾠfor	 ﾠ1–3	 ﾠdays,	 ﾠwashed	 ﾠin	 ﾠ1x	 ﾠPBS	 ﾠand	 ﾠsectioned	 ﾠ(40	 ﾠmm)	 ﾠcoronally,	 ﾠsagittally,	 ﾠor	 ﾠ
horizontally	 ﾠusing	 ﾠa	 ﾠVibratome	 ﾠ(Leica).	 ﾠSlices	 ﾠwere	 ﾠthen	 ﾠimmunostained	 ﾠ(see	 ﾠImmunohistochemistry)	 ﾠor	 ﾠ
mounted	 ﾠon	 ﾠslides	 ﾠ(Super	 ﾠFrost).	 ﾠAfter	 ﾠdrying,	 ﾠslices	 ﾠwere	 ﾠcoverslipped	 ﾠwith	 ﾠProLong	 ﾠantifade	 ﾠmounting	 ﾠ
media	 ﾠ containing	 ﾠ DAPI	 ﾠ (Molecular	 ﾠ Probes)	 ﾠ and	 ﾠ imaged	 ﾠ with	 ﾠ an	 ﾠ Olympus	 ﾠ VS110	 ﾠ slide	 ﾠ scanning	 ﾠ
microscope	 ﾠusing	 ﾠthe	 ﾠ10x	 ﾠobjective.	 ﾠ	 ﾠFluorescent	 ﾠproteins	 ﾠintroduced	 ﾠthrough	 ﾠrAAVs	 ﾠor	 ﾠtransgenic	 ﾠalleles	 ﾠ
were	 ﾠ never	 ﾠ immunoenhanced.	 ﾠ Confocal	 ﾠ images	 ﾠ (1-ﾭ‐2	 ﾠ mm	 ﾠ optical	 ﾠ sections)	 ﾠ were	 ﾠ acquired	 ﾠ with	 ﾠ an	 ﾠ
Olympus	 ﾠFV1000	 ﾠlaser	 ﾠscanning	 ﾠconfocal	 ﾠmicroscope	 ﾠ(Harvard	 ﾠNeurobiology	 ﾠImaging	 ﾠFacility)	 ﾠthrough	 ﾠa	 ﾠ
63x	 ﾠobjective.	 ﾠ	 ﾠ
	 ﾠ
Immunohistochemistry.	 ﾠImmunohistochemistry	 ﾠconditions	 ﾠwere	 ﾠthe	 ﾠsame	 ﾠfor	 ﾠboth	 ﾠmouse	 ﾠand	 ﾠmacaque	 ﾠ
sections.	 ﾠ For	 ﾠ ChAT	 ﾠ immunohistochemistry,	 ﾠ slices	 ﾠ were	 ﾠ incubated	 ﾠ in	 ﾠ a	 ﾠ 1x	 ﾠ PBS	 ﾠ blocking	 ﾠ solution	 ﾠ
containing	 ﾠ5%	 ﾠnormal	 ﾠhorse	 ﾠserum	 ﾠand	 ﾠ0.3%	 ﾠTriton	 ﾠX-ﾭ‐100	 ﾠfor	 ﾠ1	 ﾠhour	 ﾠat	 ﾠroom	 ﾠtemperature.	 ﾠSlices	 ﾠwere	 ﾠ
then	 ﾠincubated	 ﾠovernight	 ﾠat	 ﾠ4
oC	 ﾠin	 ﾠthe	 ﾠsame	 ﾠsolution	 ﾠcontaining	 ﾠanti-ﾭ‐choline	 ﾠacetyltransferase	 ﾠantibody	 ﾠ	 ﾠ
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(1:100,	 ﾠMillipore	 ﾠAB144P).	 ﾠThe	 ﾠnext	 ﾠmorning,	 ﾠsections	 ﾠwere	 ﾠwashed	 ﾠthree	 ﾠtimes	 ﾠfor	 ﾠfive	 ﾠminutes	 ﾠin	 ﾠ1x	 ﾠ
PBS	 ﾠfor	 ﾠand	 ﾠthen	 ﾠincubated	 ﾠfor	 ﾠ1	 ﾠhour	 ﾠat	 ﾠroom	 ﾠtemperature	 ﾠin	 ﾠthe	 ﾠblocking	 ﾠsolution	 ﾠcontaining	 ﾠdonkey	 ﾠ
anti-ﾭ‐goat	 ﾠ Alexa	 ﾠ 647	 ﾠ or	 ﾠ Alexa	 ﾠ 488	 ﾠ (1:500,	 ﾠ Molecular	 ﾠ Probes).	 ﾠ For	 ﾠ macaque	 ﾠ sections,	 ﾠ streptavidin	 ﾠ
conjugated	 ﾠto	 ﾠAlexa	 ﾠ350	 ﾠor	 ﾠAlexa	 ﾠ488	 ﾠ(1:1000,	 ﾠMolecular	 ﾠProbes)	 ﾠwas	 ﾠalso	 ﾠincluded	 ﾠin	 ﾠthe	 ﾠsecondary	 ﾠ
reaction.	 ﾠThe	 ﾠsame	 ﾠprotocol	 ﾠwas	 ﾠused	 ﾠfor	 ﾠNeuN	 ﾠ(1:100,	 ﾠMillipore	 ﾠMAB377)	 ﾠand	 ﾠParvalbumin	 ﾠ(1:7500,	 ﾠ
Swant	 ﾠ PV235)	 ﾠ immunostaining	 ﾠ with	 ﾠ anti-ﾭ‐mouse	 ﾠ Alexa	 ﾠ 647	 ﾠ secondary	 ﾠ antibodies	 ﾠ (1:500,	 ﾠ Molecular	 ﾠ
Probes).	 ﾠ Immunostained	 ﾠ mouse	 ﾠ sections	 ﾠ were	 ﾠ mounted	 ﾠ and	 ﾠ imaged	 ﾠ as	 ﾠ described	 ﾠ above.	 ﾠ	 ﾠ
Immunostained	 ﾠmacaque	 ﾠsections	 ﾠwere	 ﾠmounted	 ﾠas	 ﾠdescribed	 ﾠbelow.	 ﾠ	 ﾠ	 ﾠ
Slice	 ﾠpreparation.	 ﾠAcute	 ﾠbrain	 ﾠslices	 ﾠwere	 ﾠobtained	 ﾠfrom	 ﾠmice	 ﾠusing	 ﾠstandard	 ﾠtechniques.	 ﾠMice	 ﾠwere	 ﾠ
anesthetized	 ﾠ by	 ﾠ isoflurane	 ﾠ inhalation	 ﾠ and	 ﾠ perfused	 ﾠ through	 ﾠ the	 ﾠ heart	 ﾠ with	 ﾠ ice-ﾭ‐cold	 ﾠ artificial	 ﾠ
cerebrospinal	 ﾠfluid	 ﾠ(ACSF)	 ﾠcontaining	 ﾠ(in	 ﾠmM)	 ﾠ125	 ﾠNaCl,	 ﾠ2.5	 ﾠKCl,	 ﾠ25	 ﾠNaHCO3,	 ﾠ2	 ﾠCaCl2,	 ﾠ1	 ﾠMgCl2,	 ﾠ1.25	 ﾠ
NaH2PO4	 ﾠand	 ﾠ11	 ﾠglucose	 ﾠ(~308	 ﾠmOsmﾷ∙kg
-ﾭ‐1).	 ﾠCerebral	 ﾠhemispheres	 ﾠwere	 ﾠremoved,	 ﾠplaced	 ﾠin	 ﾠice-ﾭ‐cold	 ﾠ
choline-ﾭ‐based	 ﾠcutting	 ﾠsolution	 ﾠ(consisting	 ﾠof	 ﾠ(in	 ﾠmM):	 ﾠ110	 ﾠcholine	 ﾠchloride,	 ﾠ25	 ﾠNaHCO3,	 ﾠ2.5	 ﾠKCl,	 ﾠ7	 ﾠMgCl2,	 ﾠ
0.5	 ﾠCaCl2,	 ﾠ1.25	 ﾠNaH2PO4,	 ﾠ25	 ﾠglucose,	 ﾠ11.6	 ﾠascorbic	 ﾠacid,	 ﾠand	 ﾠ3.1	 ﾠpyruvic	 ﾠacid),	 ﾠblocked	 ﾠand	 ﾠtransferred	 ﾠ
into	 ﾠa	 ﾠslicing	 ﾠchamber	 ﾠcontaining	 ﾠice-ﾭ‐cold	 ﾠcholine-ﾭ‐based	 ﾠcutting	 ﾠsolution.	 ﾠSagittal	 ﾠslices	 ﾠ(350	 ﾠmm	 ﾠthick)	 ﾠ
were	 ﾠcut	 ﾠwith	 ﾠa	 ﾠLeica	 ﾠVT1000s	 ﾠvibratome	 ﾠand	 ﾠtransferred	 ﾠto	 ﾠa	 ﾠholding	 ﾠchamber	 ﾠcontaining	 ﾠACSF	 ﾠat	 ﾠ34°C	 ﾠ
for	 ﾠ 30	 ﾠ minutes	 ﾠ and	 ﾠ then	 ﾠ subsequently	 ﾠ at	 ﾠ room	 ﾠ temperature.	 ﾠ Both	 ﾠ cutting	 ﾠ solution	 ﾠ and	 ﾠ ACSF	 ﾠ were	 ﾠ
constantly	 ﾠbubbled	 ﾠwith	 ﾠ95%	 ﾠO2/5%	 ﾠCO2.	 ﾠ	 ﾠIn	 ﾠa	 ﾠsubset	 ﾠof	 ﾠexperiments,	 ﾠacute	 ﾠbrain	 ﾠslices	 ﾠwere	 ﾠcut	 ﾠin	 ﾠice-ﾭ‐
cold	 ﾠACSF.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
Acute	 ﾠslice	 ﾠelectrophysiology	 ﾠand	 ﾠtwo-ﾭ‐photon	 ﾠimaging.	 ﾠIndividual	 ﾠslices	 ﾠwere	 ﾠtransferred	 ﾠto	 ﾠa	 ﾠrecording	 ﾠ
chamber	 ﾠ mounted	 ﾠ on	 ﾠ a	 ﾠ custom	 ﾠ built	 ﾠ two-ﾭ‐photon	 ﾠ laser	 ﾠ scanning	 ﾠ microscope	 ﾠ (Olympus	 ﾠ BX51WI)	 ﾠ
equipped	 ﾠ for	 ﾠ whole-ﾭ‐cell	 ﾠ patch-ﾭ‐recordings	 ﾠ and	 ﾠ optogenetic	 ﾠ stimulation.	 ﾠ 	 ﾠ Slices	 ﾠ were	 ﾠ continuously	 ﾠ
superfused	 ﾠ(3.5–4.5	 ﾠmlﾷ∙min
-ﾭ‐1)	 ﾠwith	 ﾠACSF	 ﾠwarmed	 ﾠto	 ﾠ32–34°C	 ﾠby	 ﾠthrough	 ﾠa	 ﾠfeedback-ﾭ‐controlled	 ﾠheater	 ﾠ	 ﾠ
	 ﾠ
74	 ﾠ
(TC-ﾭ‐324B;	 ﾠWarner	 ﾠInstruments).	 ﾠCells	 ﾠwere	 ﾠvisualized	 ﾠthrough	 ﾠa	 ﾠwater-ﾭ‐immersion	 ﾠ60x	 ﾠobjective	 ﾠusing	 ﾠ
differential	 ﾠinterference	 ﾠcontrast	 ﾠ(DIC)	 ﾠillumination.	 ﾠEpifluorescence	 ﾠillumination	 ﾠwas	 ﾠused	 ﾠto	 ﾠidentify	 ﾠ
those	 ﾠcells	 ﾠlabeled	 ﾠby	 ﾠfluorescent	 ﾠmicrospheres	 ﾠand/	 ﾠor	 ﾠexpressing	 ﾠfluorescent	 ﾠgenetic	 ﾠmarkers.	 ﾠPatch	 ﾠ
pipettes	 ﾠ(2–4	 ﾠMW)	 ﾠpulled	 ﾠfrom	 ﾠborosilicate	 ﾠglass	 ﾠ(G150F-ﾭ‐3,	 ﾠWarner	 ﾠInstruments)	 ﾠwere	 ﾠfilled	 ﾠeither	 ﾠwith	 ﾠ
a	 ﾠCs
+-ﾭ‐based	 ﾠlow	 ﾠCl
–	 ﾠinternal	 ﾠsolution	 ﾠcontaining	 ﾠ(in	 ﾠmM)	 ﾠ135	 ﾠCsMeSO3,	 ﾠ10	 ﾠHEPES,	 ﾠ1	 ﾠEGTA,	 ﾠ3.3	 ﾠQX-ﾭ‐314	 ﾠ(Cl
–	 ﾠ
salt),	 ﾠ4	 ﾠMg-ﾭ‐ATP,	 ﾠ0.3	 ﾠNa-ﾭ‐GTP,	 ﾠ8	 ﾠNa2-ﾭ‐Phosphocreatine	 ﾠ(pH	 ﾠ7.3	 ﾠadjusted	 ﾠwith	 ﾠCsOH;	 ﾠ295	 ﾠmOsmﾷ∙kg
-ﾭ‐1)	 ﾠfor	 ﾠ
voltage-ﾭ‐clamp	 ﾠ recordings,	 ﾠ or	 ﾠ with	 ﾠ a	 ﾠ K
+-ﾭ‐based	 ﾠ low	 ﾠ Cl
–	 ﾠ internal	 ﾠ solution	 ﾠ composed	 ﾠ of	 ﾠ (in	 ﾠ mM)	 ﾠ 135	 ﾠ
KMeSO3,	 ﾠ3	 ﾠKCl,	 ﾠ10	 ﾠHEPES,	 ﾠ1	 ﾠEGTA,	 ﾠ0.1	 ﾠCaCl2,	 ﾠ4	 ﾠMg-ﾭ‐ATP,	 ﾠ0.3	 ﾠNa-ﾭ‐GTP,	 ﾠ8	 ﾠNa2-ﾭ‐Phosphocreatine	 ﾠ(pH	 ﾠ7.3	 ﾠ
adjusted	 ﾠwith	 ﾠKOH;	 ﾠ295	 ﾠmOsmﾷ∙kg
-ﾭ‐1)	 ﾠfor	 ﾠcurrent-ﾭ‐clamp	 ﾠrecordings.	 ﾠAlexa	 ﾠFluor	 ﾠ594	 ﾠ(20	 ﾠµM)	 ﾠwas	 ﾠadded	 ﾠto	 ﾠ
the	 ﾠboth	 ﾠinternals.	 ﾠSeries	 ﾠresistance	 ﾠ(<25	 ﾠMΩ)	 ﾠwas	 ﾠmeasured	 ﾠwith	 ﾠa	 ﾠ5	 ﾠmV	 ﾠhyperpolarizing	 ﾠpulse	 ﾠin	 ﾠ
voltage-ﾭ‐clamp	 ﾠ and	 ﾠ left	 ﾠ uncompensated.	 ﾠ 	 ﾠ Membrane	 ﾠ potentials	 ﾠ were	 ﾠ corrected	 ﾠ for	 ﾠ a	 ﾠ ~7	 ﾠ mV	 ﾠ liquid	 ﾠ
junction	 ﾠpotential.	 ﾠ	 ﾠAfter	 ﾠthe	 ﾠrecording	 ﾠwas	 ﾠcomplete,	 ﾠcellular	 ﾠmorphology	 ﾠwas	 ﾠcaptured	 ﾠin	 ﾠa	 ﾠvolume	 ﾠ
stack	 ﾠusing	 ﾠ740	 ﾠnm	 ﾠtwo-ﾭ‐photon	 ﾠlaser	 ﾠlight	 ﾠ(Coherent).	 ﾠ	 ﾠAll	 ﾠrecorded	 ﾠGP-ﾭ‐FC	 ﾠneurons	 ﾠwere	 ﾠlabeled	 ﾠwith	 ﾠ
microspheres	 ﾠ following	 ﾠ injection	 ﾠ in	 ﾠ frontal	 ﾠ cortex.	 ﾠ In	 ﾠ experiments	 ﾠ where	 ﾠ ChAT	 ﾠ expression	 ﾠ was	 ﾠ not	 ﾠ
marked	 ﾠ fluorescently,	 ﾠ ChAT+	 ﾠ or	 ﾠ ChAT-ﾭ‐	 ﾠ GP-ﾭ‐FC	 ﾠ neurons	 ﾠ were	 ﾠ distinguished	 ﾠ based	 ﾠ on	 ﾠ soma	 ﾠ size	 ﾠ and	 ﾠ
spontaneous	 ﾠ firing	 ﾠ rate	 ﾠ in	 ﾠ cell	 ﾠ attached	 ﾠ mode.	 ﾠ Cortical	 ﾠ neurons	 ﾠ were	 ﾠ classified	 ﾠ as	 ﾠ pyramids	 ﾠ or	 ﾠ
interneurons	 ﾠbased	 ﾠon	 ﾠdendritic	 ﾠmorphology	 ﾠand	 ﾠGAD67
GFP	 ﾠexpression.	 ﾠ	 ﾠ	 ﾠ
Acute	 ﾠslice	 ﾠdata	 ﾠacquisition	 ﾠand	 ﾠanalysis.	 ﾠMembrane	 ﾠcurrents	 ﾠand	 ﾠpotentials	 ﾠwere	 ﾠrecorded	 ﾠusing	 ﾠan	 ﾠ
Axoclamp	 ﾠ700B	 ﾠamplifier	 ﾠ(Molecular	 ﾠDevices)	 ﾠfiltered	 ﾠat	 ﾠ3	 ﾠkHz	 ﾠand	 ﾠdigitized	 ﾠat	 ﾠ10	 ﾠkHz	 ﾠusing	 ﾠNational	 ﾠ
Instruments	 ﾠacquisition	 ﾠboards	 ﾠand	 ﾠa	 ﾠcustom	 ﾠversion	 ﾠof	 ﾠScanImage	 ﾠwritten	 ﾠin	 ﾠMATLAB	 ﾠ(Mathworks).	 ﾠ
Electrophysiology	 ﾠand	 ﾠimaging	 ﾠdata	 ﾠwere	 ﾠanalyzed	 ﾠoffline	 ﾠusing	 ﾠIgor	 ﾠPro	 ﾠ(Wavemetrics),	 ﾠImageJ	 ﾠ(NIH)	 ﾠ
and	 ﾠMATLAB	 ﾠ(Mathworks).	 ﾠIn	 ﾠfigures,	 ﾠvoltage-ﾭ‐clamp	 ﾠtraces	 ﾠrepresent	 ﾠthe	 ﾠaverage	 ﾠwaveform	 ﾠof	 ﾠ3–6	 ﾠ
acquisitions;	 ﾠ current-ﾭ‐clamp	 ﾠ traces	 ﾠ are	 ﾠ individual	 ﾠ acquisitions.	 ﾠ 	 ﾠ Passive	 ﾠ membrane	 ﾠ properties	 ﾠ were	 ﾠ
calculated	 ﾠ from	 ﾠ current	 ﾠ deflections	 ﾠ in	 ﾠ voltage-ﾭ‐clamp	 ﾠ (Vhold	 ﾠ =	 ﾠ -ﾭ‐70	 ﾠ mV).	 ﾠ Cells	 ﾠ were	 ﾠ considered	 ﾠ	 ﾠ
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spontaneously	 ﾠactive	 ﾠwith	 ﾠmaintained	 ﾠaction	 ﾠpotential	 ﾠfiring	 ﾠ(>20s)	 ﾠwithin	 ﾠ2	 ﾠminutes	 ﾠof	 ﾠwhole-ﾭ‐cell	 ﾠbreak	 ﾠ
in.	 ﾠAverage	 ﾠVrest	 ﾠ was	 ﾠcalculated	 ﾠfor	 ﾠnon-ﾭ‐spontaneously	 ﾠactive	 ﾠcells	 ﾠ1-ﾭ‐3	 ﾠminutes	 ﾠafter	 ﾠbreak	 ﾠin.	 ﾠPeak	 ﾠ
amplitudes	 ﾠwere	 ﾠcalculated	 ﾠby	 ﾠaveraging	 ﾠover	 ﾠa	 ﾠ1	 ﾠms	 ﾠwindow	 ﾠaround	 ﾠthe	 ﾠpeak.	 ﾠAMPAR	 ﾠand	 ﾠNMDAR	 ﾠ
currents	 ﾠwere	 ﾠisolated	 ﾠfrom	 ﾠthe	 ﾠstimulation	 ﾠartifact	 ﾠby	 ﾠsubtracting	 ﾠthe	 ﾠNBQX	 ﾠresistant	 ﾠcomponent	 ﾠ(Vhold	 ﾠ
=	 ﾠ-ﾭ‐70	 ﾠmV)	 ﾠfollowed	 ﾠby	 ﾠthe	 ﾠCPP/NBQX	 ﾠresistant	 ﾠcomponent	 ﾠ(Vhold	 ﾠ=	 ﾠ+40	 ﾠmV)	 ﾠfollowing	 ﾠa	 ﾠ3	 ﾠminute	 ﾠwash-ﾭ‐in	 ﾠ
period	 ﾠfrom	 ﾠcurrent	 ﾠaverages	 ﾠconsisting	 ﾠof	 ﾠ10-ﾭ‐15	 ﾠconsecutive	 ﾠacquisitions	 ﾠ(20	 ﾠs	 ﾠinter-ﾭ‐stimulus	 ﾠinterval).	 ﾠ
For	 ﾠpharmacological	 ﾠanalyses	 ﾠcurrent	 ﾠaverages	 ﾠwere	 ﾠcalculated	 ﾠfrom	 ﾠ15	 ﾠconsecutive	 ﾠacquisitions	 ﾠ(20	 ﾠs	 ﾠ
inter-ﾭ‐stimulus	 ﾠinterval)	 ﾠbefore	 ﾠand	 ﾠafter	 ﾠa	 ﾠ3	 ﾠminute	 ﾠwash-ﾭ‐in	 ﾠperiod	 ﾠand	 ﾠthen	 ﾠnormalized	 ﾠto	 ﾠaverages	 ﾠ
corresponding	 ﾠto	 ﾠthe	 ﾠsame	 ﾠtime	 ﾠwith	 ﾠno	 ﾠdrug	 ﾠflow	 ﾠin.	 ﾠ	 ﾠFor	 ﾠpharmacological	 ﾠanalyses	 ﾠin	 ﾠFigs.	 ﾠ3.3c	 ﾠ3-ﾭ‐7	 ﾠ
consecutive	 ﾠ acquisitions	 ﾠ (20	 ﾠ s	 ﾠ inter-ﾭ‐stimulus	 ﾠ interval)	 ﾠ were	 ﾠ averaged	 ﾠ following	 ﾠ a	 ﾠ 3	 ﾠ minute	 ﾠ wash-ﾭ‐in	 ﾠ
period	 ﾠfor	 ﾠNBQX	 ﾠand	 ﾠCPP	 ﾠor	 ﾠa	 ﾠ4	 ﾠminute	 ﾠwash-ﾭ‐in	 ﾠperiod	 ﾠfor	 ﾠMEC,	 ﾠMLA,	 ﾠand	 ﾠDHβE.	 ﾠ	 ﾠFor	 ﾠTTX	 ﾠand	 ﾠ4AP	 ﾠ
conditions,	 ﾠcurrent	 ﾠaverages	 ﾠwere	 ﾠcomposed	 ﾠof	 ﾠthe	 ﾠacquisitions	 ﾠfollowing	 ﾠfull	 ﾠblock	 ﾠor	 ﾠfirst-ﾭ‐recovery	 ﾠof	 ﾠ
ChR2	 ﾠevoked	 ﾠcurrents,	 ﾠrespectively.	 ﾠData	 ﾠ(reported	 ﾠin	 ﾠtext	 ﾠand	 ﾠfigures	 ﾠas	 ﾠmean	 ﾠ±	 ﾠs.e.m.)	 ﾠwere	 ﾠcompared	 ﾠ
statistically	 ﾠusing	 ﾠthe	 ﾠfollowing	 ﾠMann-ﾭ‐Whitney	 ﾠtest	 ﾠor	 ﾠFisher’s	 ﾠExact	 ﾠtest.	 ﾠP	 ﾠvalues	 ﾠsmaller	 ﾠthan	 ﾠ0.05	 ﾠ
were	 ﾠconsidered	 ﾠstatistically	 ﾠsignificant.	 ﾠ
	 ﾠ
Optogenetic	 ﾠand	 ﾠelectrical	 ﾠstimulation.	 ﾠTo	 ﾠactivate	 ﾠChR2	 ﾠin	 ﾠacute	 ﾠslices,	 ﾠ473	 ﾠnm	 ﾠlaser	 ﾠlight	 ﾠ(Optoengine)	 ﾠ
was	 ﾠfocused	 ﾠonto	 ﾠthe	 ﾠback	 ﾠaperture	 ﾠof	 ﾠthe	 ﾠ60x	 ﾠwater	 ﾠimmersion	 ﾠobjective	 ﾠto	 ﾠproduce	 ﾠcollimated	 ﾠwhole-ﾭ‐
field	 ﾠ illumination.	 ﾠ 	 ﾠ 	 ﾠ Square	 ﾠ pulses	 ﾠ of	 ﾠ laser	 ﾠ light	 ﾠ were	 ﾠ delivered	 ﾠ every	 ﾠ 20	 ﾠ seconds	 ﾠ and	 ﾠ power	 ﾠ was	 ﾠ
quantified	 ﾠ for	 ﾠ each	 ﾠ stimulation	 ﾠ by	 ﾠ measuring	 ﾠ light	 ﾠ diverted	 ﾠ to	 ﾠ a	 ﾠ focal	 ﾠ plane	 ﾠ calibrated	 ﾠ photodiode	 ﾠ
through	 ﾠa	 ﾠlow-ﾭ‐pass	 ﾠdichroic	 ﾠfilter.	 ﾠFor	 ﾠChR2	 ﾠactivation	 ﾠof	 ﾠdSPN	 ﾠor	 ﾠiSPN	 ﾠinputs	 ﾠonto	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠ(Drd1a-ﾭ‐
Cre;Rosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP/+	 ﾠ or	 ﾠ Adora-ﾭ‐Cre;Rosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP/+	 ﾠ mice),	 ﾠ a	 ﾠ consistent	 ﾠ light	 ﾠ stimulation	 ﾠ (1	 ﾠ ms;	 ﾠ 1.3	 ﾠ
mWﾷ∙mm
-ﾭ‐2)	 ﾠ was	 ﾠ delivered	 ﾠ directly	 ﾠ over	 ﾠ the	 ﾠ recorded	 ﾠ cell	 ﾠ and	 ﾠ the	 ﾠ resulting	 ﾠ currents	 ﾠ were	 ﾠ used	 ﾠ to	 ﾠ
compare	 ﾠsynaptic	 ﾠstrength	 ﾠacross	 ﾠcells.	 ﾠFor	 ﾠpaired-ﾭ‐pulse	 ﾠcomparisons,	 ﾠthe	 ﾠobjective	 ﾠwas	 ﾠmoved	 ﾠ0.16	 ﾠ–	 ﾠ	 ﾠ
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1.4	 ﾠmm	 ﾠinto	 ﾠdorsal	 ﾠstriatum	 ﾠ(median	 ﾠ=	 ﾠ0.4	 ﾠmm)	 ﾠand	 ﾠstimulation	 ﾠstrength	 ﾠand	 ﾠduration	 ﾠ(0.5–1	 ﾠms;	 ﾠ0.06	 ﾠ–
4.4	 ﾠmWﾷ∙mm
-ﾭ‐2)	 ﾠwere	 ﾠadjusted	 ﾠto	 ﾠproduce	 ﾠ1
st	 ﾠpeak	 ﾠcurrents	 ﾠbetween	 ﾠ26	 ﾠ–	 ﾠ547	 ﾠpA	 ﾠ(median	 ﾠ=	 ﾠ226	 ﾠpA).	 ﾠ
Stronger	 ﾠ light	 ﾠ powers	 ﾠ (2-ﾭ‐7	 ﾠ ms;4.4	 ﾠ mWﾷ∙mm
-ﾭ‐2)	 ﾠ were	 ﾠ used	 ﾠ activate	 ﾠ ChR2	 ﾠ in	 ﾠ ChAT	 ﾠ
i-ﾭ‐Cre	 ﾠ cells	 ﾠ (ChAT	 ﾠ
i-ﾭ‐
Cre;Rosa26
lsl-ﾭ‐ChR2-ﾭ‐EYFP/+	 ﾠmice)	 ﾠin	 ﾠcortex.	 ﾠ	 ﾠFor	 ﾠChR2	 ﾠintroduced	 ﾠwith	 ﾠrAAVs,	 ﾠlight	 ﾠ(2	 ﾠms;1.3-ﾭ‐4.4	 ﾠmWﾷ∙mm
-ﾭ‐2)	 ﾠwas	 ﾠ
used	 ﾠacross	 ﾠconditions	 ﾠexcept	 ﾠin	 ﾠsome	 ﾠcases	 ﾠfollowing	 ﾠbath	 ﾠapplication	 ﾠof	 ﾠTTX	 ﾠand	 ﾠ4AP	 ﾠwhere	 ﾠincreasing	 ﾠ
the	 ﾠpower	 ﾠor	 ﾠduration	 ﾠof	 ﾠlight	 ﾠstimulation	 ﾠwas	 ﾠnecessary	 ﾠto	 ﾠrecover	 ﾠcurrents	 ﾠ(for	 ﾠexample,	 ﾠchanging	 ﾠthe	 ﾠ
duration	 ﾠfrom	 ﾠ2	 ﾠto	 ﾠ4	 ﾠms).	 ﾠFor	 ﾠelectrical	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠSTN	 ﾠaxonal	 ﾠprojection	 ﾠinto	 ﾠthe	 ﾠGP,	 ﾠa	 ﾠbipolar	 ﾠ
tungsten	 ﾠelectrode	 ﾠ(TST33A10KT;	 ﾠWorld	 ﾠPrecision	 ﾠInstruments)	 ﾠwas	 ﾠplaced	 ﾠat	 ﾠthe	 ﾠanterior	 ﾠborder	 ﾠof	 ﾠthe	 ﾠ
STN	 ﾠ and	 ﾠ 0.1-ﾭ‐0.5	 ﾠ ms	 ﾠ square	 ﾠ pulse	 ﾠ of	 ﾠ current	 ﾠ was	 ﾠ applied	 ﾠ and	 ﾠ power	 ﾠ adjusted	 ﾠ to	 ﾠ maintain	 ﾠ evoked	 ﾠ
currents	 ﾠwhile	 ﾠminimizing	 ﾠthe	 ﾠstimulus	 ﾠartifact.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
Reagents.	 ﾠDrugs	 ﾠ(all	 ﾠfrom	 ﾠTocris)	 ﾠwere	 ﾠapplied	 ﾠvia	 ﾠbath	 ﾠperfusion:	 ﾠSR95531	 ﾠ(10	 ﾠμΜ),	 ﾠtetrodotoxin	 ﾠ(TTX;	 ﾠ
1	 ﾠ μΜ),	 ﾠ 4-ﾭ‐aminopyridine	 ﾠ (4AP;	 ﾠ 500	 ﾠ μM),	 ﾠ Scopolamine	 ﾠ (10	 ﾠ μΜ),	 ﾠ (2S)-ﾭ‐3-ﾭ‐[[(1S)-ﾭ‐1-ﾭ‐(3,4-ﾭ‐Dichlorophenyl
)ethyl]amino-ﾭ‐2-ﾭ‐hydroxypropyl](phenylmethyl)phosphinic	 ﾠacid	 ﾠ	 ﾠ(CGP	 ﾠ55845;	 ﾠ5	 ﾠμΜ),	 ﾠ	 ﾠN-ﾭ‐(Piperidin-ﾭ‐1-ﾭ‐yl)-ﾭ‐5-ﾭ‐
(4-ﾭ‐iodophenyl)-ﾭ‐1-ﾭ‐(2,4-ﾭ‐dichlorophenyl)-ﾭ‐4-ﾭ‐methyl-ﾭ‐1H-ﾭ‐pyrazole-ﾭ‐3-ﾭ‐carboxamide	 ﾠ (AM-ﾭ‐251;	 ﾠ 10	 ﾠ μΜ),	 ﾠ 	 ﾠ 2,3-ﾭ‐
dihydroxy-ﾭ‐6-ﾭ‐nitro-ﾭ‐7-ﾭ‐sulfamoyl-ﾭ‐benzo(f)quinoxaline	 ﾠ (NBQX;	 ﾠ 10	 ﾠ μM),	 ﾠ R,S-ﾭ‐3-ﾭ‐(2-ﾭ‐carboxypiperazin-ﾭ‐4-ﾭ‐
yl)propyl-ﾭ‐1-ﾭ‐phosphonic	 ﾠacid	 ﾠ(CPP;	 ﾠ10	 ﾠμM),	 ﾠN,2,3,3-ﾭ‐Tetramethylbicyclo[2.2.1]heptan-ﾭ‐2-ﾭ‐amine,	 ﾠ(MEC;	 ﾠ10	 ﾠ
uM),	 ﾠ 	 ﾠ[1α,4(S),6β,14α,16β]-ﾭ‐20-ﾭ‐Ethyl-ﾭ‐1,6,14,16-ﾭ‐tetramethoxy-ﾭ‐4-ﾭ‐[[[2-ﾭ‐(3-ﾭ‐methyl-ﾭ‐2,5-ﾭ‐dioxo-ﾭ‐1-ﾭ‐pyrroli
dinyl)benzoyl]oxy]methyl]aconitane-ﾭ‐7,8-ﾭ‐diol	 ﾠ (MLA;	 ﾠ 0.1	 ﾠ uM),	 ﾠ (2S,13bS)-ﾭ‐2-ﾭ‐Methoxy-ﾭ‐2,3,5,6,8,9,10,13-ﾭ‐
octahydro-ﾭ‐1H,12H-ﾭ‐benzo[i]pyrano[3,4-ﾭ‐g]indolizin-ﾭ‐12-ﾭ‐one	 ﾠ(DHβE;	 ﾠ 10	 ﾠ uM),	 ﾠ (S)-ﾭ‐(-ﾭ‐)-ﾭ‐5-ﾭ‐Aminosulfonyl-ﾭ‐N-ﾭ‐[(1-ﾭ‐
ethyl-ﾭ‐2-ﾭ‐pyrrolidinyl)methyl]-ﾭ‐2-ﾭ‐methoxybenzamide	 ﾠ ((-ﾭ‐)sulpiride;	 ﾠ 10	 ﾠ μM)	 ﾠ and	 ﾠ (4aR-ﾭ‐trans)-ﾭ‐
4,4a,5,6,7,8,8a,9-ﾭ‐Octahydro-ﾭ‐5-ﾭ‐propyl-ﾭ‐1H-ﾭ‐pyrazolo[3,4-ﾭ‐g]quinolone	 ﾠ((-ﾭ‐)Quinpirole;	 ﾠ8	 ﾠuM).	 ﾠCPP	 ﾠand	 ﾠNBQX	 ﾠ
were	 ﾠcombined	 ﾠto	 ﾠmake	 ﾠa	 ﾠcocktail	 ﾠof	 ﾠantagonists	 ﾠto	 ﾠtarget	 ﾠionotropic	 ﾠglutamate	 ﾠreceptors,	 ﾠwhile	 ﾠMEC,	 ﾠ
MLA	 ﾠand	 ﾠDHβE	 ﾠwere	 ﾠcombined	 ﾠto	 ﾠmake	 ﾠa	 ﾠcocktail	 ﾠto	 ﾠantagonize	 ﾠnicotinic	 ﾠreceptors.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
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Chapter	 ﾠ4	 ﾠ
Conclusions:	 ﾠ
	 ﾠ In	 ﾠthis	 ﾠthesis	 ﾠwe	 ﾠaddress	 ﾠtwo	 ﾠaspects	 ﾠof	 ﾠthe	 ﾠcanonical	 ﾠorganization	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia.	 ﾠFirst	 ﾠwe	 ﾠ
directly	 ﾠ tested	 ﾠ the	 ﾠ central	 ﾠ tenants	 ﾠ of	 ﾠ the	 ﾠ looped	 ﾠ architecture	 ﾠ model	 ﾠ and	 ﾠ second	 ﾠ we	 ﾠ describe	 ﾠ a	 ﾠ
previously	 ﾠunderappreciated	 ﾠprojection	 ﾠfrom	 ﾠthe	 ﾠGP	 ﾠto	 ﾠFrontal	 ﾠcortex.	 ﾠBoth	 ﾠof	 ﾠthese	 ﾠprojects	 ﾠexpand	 ﾠ
upon	 ﾠwhat	 ﾠis	 ﾠalready	 ﾠknown	 ﾠabout	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠand	 ﾠprovide	 ﾠnew	 ﾠexplanations	 ﾠfor	 ﾠhow	 ﾠthis	 ﾠsystem	 ﾠ
works	 ﾠin	 ﾠthe	 ﾠintact	 ﾠanimal.	 ﾠ
	 ﾠ It	 ﾠhas	 ﾠbeen	 ﾠproposed	 ﾠthat	 ﾠthe	 ﾠfundamental	 ﾠrole	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠis	 ﾠaction	 ﾠselection	 ﾠ(Graybiel	 ﾠ
1998).	 ﾠThis	 ﾠis	 ﾠan	 ﾠattractive	 ﾠmodel	 ﾠas	 ﾠit	 ﾠis	 ﾠeasy	 ﾠto	 ﾠimagine	 ﾠthat	 ﾠfor	 ﾠany	 ﾠgiven	 ﾠaction,	 ﾠthere	 ﾠare	 ﾠcompeting	 ﾠ
motor	 ﾠplans	 ﾠthat	 ﾠdifferentially	 ﾠactivate	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠto	 ﾠcompete	 ﾠto	 ﾠallow	 ﾠonly	 ﾠthe	 ﾠcorrect	 ﾠaction.	 ﾠ
One	 ﾠcan	 ﾠfurther	 ﾠimagine	 ﾠthat	 ﾠthe	 ﾠcritical	 ﾠrole	 ﾠof	 ﾠdopamine	 ﾠin	 ﾠreward	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠhelps	 ﾠthe	 ﾠSPNs	 ﾠsort	 ﾠ
through	 ﾠprevious	 ﾠhistory	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠcorrect	 ﾠcourse	 ﾠof	 ﾠaction.	 ﾠIf	 ﾠthis	 ﾠmodel	 ﾠwere	 ﾠcorrect	 ﾠbiasing	 ﾠ
the	 ﾠactivity	 ﾠof	 ﾠone	 ﾠof	 ﾠthese	 ﾠpathways	 ﾠnon-ﾭ‐specifically,	 ﾠas	 ﾠwe	 ﾠdid	 ﾠin	 ﾠchapter	 ﾠ2,	 ﾠwould	 ﾠaffect	 ﾠall	 ﾠavailable	 ﾠ
behaviors.	 ﾠOne	 ﾠwould	 ﾠnot	 ﾠget	 ﾠsolely	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠrate	 ﾠof	 ﾠdirected	 ﾠlever	 ﾠpresses,	 ﾠbut	 ﾠchanges	 ﾠin	 ﾠlimb	 ﾠ
and	 ﾠbody	 ﾠmovements	 ﾠas	 ﾠwell	 ﾠas	 ﾠother	 ﾠmore	 ﾠcomplex	 ﾠbehaviors	 ﾠsuch	 ﾠas	 ﾠgrooming	 ﾠor	 ﾠsocial	 ﾠinteractions.	 ﾠ
Interestingly,	 ﾠwhen	 ﾠactivating	 ﾠdSPNs,	 ﾠKravitz	 ﾠet	 ﾠal	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2010)	 ﾠfound	 ﾠa	 ﾠdecrease	 ﾠin	 ﾠgrooming	 ﾠ
behavior	 ﾠdespite	 ﾠan	 ﾠoverall	 ﾠincrease	 ﾠin	 ﾠmovements.	 ﾠWhich	 ﾠseemingly	 ﾠimplies	 ﾠthat	 ﾠthe	 ﾠstriatum	 ﾠis	 ﾠonly	 ﾠ
involved	 ﾠ in	 ﾠ very	 ﾠ basic	 ﾠ movements.	 ﾠ However,	 ﾠ that	 ﾠ group’s	 ﾠ work,	 ﾠ as	 ﾠ well	 ﾠ as	 ﾠ many	 ﾠ others,	 ﾠ has	 ﾠ well	 ﾠ
established	 ﾠa	 ﾠrole	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠin	 ﾠcomplex	 ﾠreward	 ﾠmediated	 ﾠbehaviors	 ﾠ(Kravitz	 ﾠet	 ﾠal.	 ﾠ2012).	 ﾠInstead	 ﾠ
perhaps	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠis	 ﾠmore	 ﾠcritical	 ﾠin	 ﾠthe	 ﾠplanning	 ﾠof	 ﾠmotor	 ﾠaction	 ﾠthan	 ﾠin	 ﾠthe	 ﾠactual	 ﾠ
execution	 ﾠof	 ﾠthem.	 ﾠIndeed	 ﾠin	 ﾠour	 ﾠwork,	 ﾠwhile	 ﾠwe	 ﾠsee	 ﾠstrong	 ﾠchanges	 ﾠin	 ﾠthe	 ﾠoverall	 ﾠfiring	 ﾠrates	 ﾠof	 ﾠmotor	 ﾠ
cortex	 ﾠ with	 ﾠ either	 ﾠ pathways	 ﾠ activation,	 ﾠ we	 ﾠ only	 ﾠ see	 ﾠ a	 ﾠ modest	 ﾠ change	 ﾠ around	 ﾠ a	 ﾠ movement	 ﾠ itself.	 ﾠ	 ﾠ
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However	 ﾠ we	 ﾠ still	 ﾠ see	 ﾠ substantial	 ﾠ differences	 ﾠ in	 ﾠ firing	 ﾠ in	 ﾠ the	 ﾠ period	 ﾠ leading	 ﾠ up	 ﾠ to	 ﾠ the	 ﾠ movement,	 ﾠ
especially	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠiSPN	 ﾠactivation.	 ﾠThis	 ﾠperiod	 ﾠpreceding	 ﾠa	 ﾠlever	 ﾠpress	 ﾠis	 ﾠlikely	 ﾠthe	 ﾠplanning	 ﾠphase	 ﾠ
of	 ﾠa	 ﾠmovement.	 ﾠ	 ﾠFurther	 ﾠevidence	 ﾠfor	 ﾠa	 ﾠmore	 ﾠcomplex	 ﾠinterpretation	 ﾠof	 ﾠa	 ﾠrole	 ﾠof	 ﾠthe	 ﾠBG	 ﾠlies	 ﾠin	 ﾠthe	 ﾠtime	 ﾠ
it	 ﾠtakes	 ﾠfor	 ﾠBG	 ﾠactivation	 ﾠto	 ﾠpropagate	 ﾠto	 ﾠcortex.	 ﾠ	 ﾠWith	 ﾠthe	 ﾠmean	 ﾠtime	 ﾠfor	 ﾠa	 ﾠcortical	 ﾠunit	 ﾠto	 ﾠrespond	 ﾠto	 ﾠ
either	 ﾠpathway’s	 ﾠactivation	 ﾠbeing	 ﾠ100-ﾭ‐200ms	 ﾠthere	 ﾠis	 ﾠsimply	 ﾠnot	 ﾠenough	 ﾠtime	 ﾠto	 ﾠactivate	 ﾠa	 ﾠcortical	 ﾠ
circuit	 ﾠthat	 ﾠactivates	 ﾠa	 ﾠmotor	 ﾠplan	 ﾠto	 ﾠinitiate	 ﾠa	 ﾠmovement.	 ﾠEspecially	 ﾠwhen	 ﾠone	 ﾠconsiders	 ﾠthat	 ﾠthat	 ﾠ
movement	 ﾠmay	 ﾠhappen,	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠa	 ﾠwell-ﾭ‐trained	 ﾠmouse,	 ﾠin	 ﾠ<150ms.	 ﾠWe	 ﾠare	 ﾠthus	 ﾠleft	 ﾠwith	 ﾠthe	 ﾠ
conclusion	 ﾠthat	 ﾠeither	 ﾠthe	 ﾠcells	 ﾠthat	 ﾠrespond	 ﾠto	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠquickly	 ﾠare	 ﾠespecially	 ﾠadvantaged,	 ﾠand	 ﾠ
are	 ﾠpresumably	 ﾠthe	 ﾠoutput	 ﾠcells	 ﾠof	 ﾠthe	 ﾠcortex,	 ﾠor	 ﾠthat	 ﾠbasal	 ﾠganglia	 ﾠis	 ﾠmodulating	 ﾠthe	 ﾠmovement	 ﾠrelated	 ﾠ
cortical	 ﾠ activity	 ﾠ in	 ﾠ some	 ﾠ ongoing	 ﾠ sense.	 ﾠ Again	 ﾠ this	 ﾠ ongoing	 ﾠ modulation	 ﾠ is	 ﾠ most	 ﾠ likely	 ﾠ affecting	 ﾠ the	 ﾠ
planning	 ﾠphase	 ﾠof	 ﾠthe	 ﾠbehavior.	 ﾠ
	 ﾠ One	 ﾠof	 ﾠthe	 ﾠmajor	 ﾠfindings	 ﾠof	 ﾠthe	 ﾠfirst	 ﾠproject	 ﾠis	 ﾠthe	 ﾠasymmetry	 ﾠbetween	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠeach	 ﾠ
pathway’s	 ﾠactivation.	 ﾠThese	 ﾠasymmetries	 ﾠmight	 ﾠbecome	 ﾠless	 ﾠsurprising	 ﾠwhen	 ﾠone	 ﾠdivorces	 ﾠthemself	 ﾠ
from	 ﾠthe	 ﾠtraditional	 ﾠgo/no	 ﾠgo	 ﾠterminology	 ﾠof	 ﾠdSPN	 ﾠand	 ﾠiSPN	 ﾠfunction.	 ﾠIf	 ﾠindeed	 ﾠthe	 ﾠiSPNs	 ﾠare	 ﾠnot	 ﾠserving	 ﾠ
as	 ﾠa	 ﾠsimple	 ﾠcounterbalance	 ﾠto	 ﾠan	 ﾠimmediate	 ﾠgo	 ﾠsignal,	 ﾠand	 ﾠare	 ﾠmore	 ﾠakin	 ﾠto	 ﾠa	 ﾠ‘do	 ﾠsomething	 ﾠelse’	 ﾠsignal	 ﾠ
as	 ﾠhas	 ﾠbeen	 ﾠsuggested	 ﾠby	 ﾠBerke	 ﾠand	 ﾠcolleagues	 ﾠ(Schmidt	 ﾠet	 ﾠal.	 ﾠ2013),	 ﾠthen	 ﾠit	 ﾠbecomes	 ﾠmuch	 ﾠeasier	 ﾠto	 ﾠ
imagine	 ﾠ that	 ﾠ the	 ﾠ type	 ﾠ of	 ﾠ effect	 ﾠ each	 ﾠ pathway	 ﾠ would	 ﾠ have	 ﾠ to	 ﾠ be	 ﾠ very	 ﾠ different.	 ﾠ 	 ﾠ One	 ﾠ of	 ﾠ the	 ﾠ key	 ﾠ
observations,	 ﾠthat	 ﾠthe	 ﾠbaseline	 ﾠdSPN	 ﾠbut	 ﾠnot	 ﾠiSPN	 ﾠeffect	 ﾠis	 ﾠproportional	 ﾠto	 ﾠeach	 ﾠcortical	 ﾠunit’s	 ﾠpress	 ﾠ
selectivity,	 ﾠimplies	 ﾠthat	 ﾠthere	 ﾠis	 ﾠnot	 ﾠcomplete	 ﾠshuffling	 ﾠof	 ﾠinformation	 ﾠat	 ﾠthe	 ﾠlevel	 ﾠof	 ﾠSNr	 ﾠor	 ﾠthalamus.	 ﾠIt	 ﾠ
would	 ﾠbe	 ﾠimpossible	 ﾠto	 ﾠobserve	 ﾠthis	 ﾠeffect	 ﾠif	 ﾠdSPNs	 ﾠand	 ﾠiSPNs	 ﾠexclusively	 ﾠsynapsed	 ﾠonto	 ﾠthe	 ﾠsame	 ﾠ
neuron	 ﾠ and	 ﾠ acted	 ﾠ in	 ﾠ a	 ﾠ simple	 ﾠ push-ﾭ‐pull	 ﾠ manner.	 ﾠ Instead,	 ﾠ we	 ﾠ must	 ﾠ conclude	 ﾠ that	 ﾠ through	 ﾠ some	 ﾠ
mechanism	 ﾠthe	 ﾠinput	 ﾠof	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivity	 ﾠis	 ﾠdifferent	 ﾠin	 ﾠthese	 ﾠnulcei,	 ﾠwhether	 ﾠthat	 ﾠmeans	 ﾠthere	 ﾠare	 ﾠ
cells	 ﾠin	 ﾠthalamus	 ﾠthat	 ﾠare	 ﾠlistening	 ﾠexclusively	 ﾠto	 ﾠdSPNs	 ﾠvs	 ﾠiSPNs	 ﾠor	 ﾠa	 ﾠmore	 ﾠsubtle	 ﾠmechanism	 ﾠbased	 ﾠon	 ﾠ	 ﾠ
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the	 ﾠ firing	 ﾠ patterns	 ﾠ we	 ﾠ can’t	 ﾠ conclude.	 ﾠ Nonetheless,	 ﾠ understanding	 ﾠ how	 ﾠ information	 ﾠ is	 ﾠ transmitted	 ﾠ
between	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠand	 ﾠthalamus	 ﾠwill	 ﾠhelp	 ﾠus	 ﾠunderstand	 ﾠhow	 ﾠthe	 ﾠbasal	 ﾠganglia	 ﾠare	 ﾠarranged.	 ﾠ
	 ﾠ iSPN	 ﾠactivation	 ﾠtransiently	 ﾠincreased	 ﾠ	 ﾠfiring	 ﾠin	 ﾠshallow	 ﾠcells	 ﾠin	 ﾠmotor	 ﾠcortex.	 ﾠWhile	 ﾠthere	 ﾠexists	 ﾠno	 ﾠ
direct	 ﾠprojection	 ﾠfrom	 ﾠthe	 ﾠGP	 ﾠto	 ﾠthe	 ﾠcortex	 ﾠin	 ﾠthe	 ﾠcanonical	 ﾠmodel,	 ﾠit	 ﾠwas	 ﾠhoped	 ﾠthat	 ﾠthe	 ﾠprojection	 ﾠ
described	 ﾠin	 ﾠChapter	 ﾠ3	 ﾠwould	 ﾠbe	 ﾠable	 ﾠto	 ﾠaccount	 ﾠfor	 ﾠthis	 ﾠtransient.	 ﾠUnfortunately	 ﾠour	 ﾠin	 ﾠvivo	 ﾠattempts	 ﾠto	 ﾠ
replicate	 ﾠthe	 ﾠtransient	 ﾠhave	 ﾠnot	 ﾠbeen	 ﾠsuccessful.	 ﾠOur	 ﾠGP-ﾭ‐FC	 ﾠin	 ﾠvivo	 ﾠstudies	 ﾠhave	 ﾠshown	 ﾠchanges	 ﾠin	 ﾠfiring	 ﾠ
rate	 ﾠ at	 ﾠ a	 ﾠ much	 ﾠ slower	 ﾠ time	 ﾠ scale	 ﾠ than	 ﾠ is	 ﾠ observed	 ﾠ in	 ﾠ these	 ﾠ transients.	 ﾠ The	 ﾠ VGAT-ﾭ‐ChR2	 ﾠ optrode	 ﾠ
experiments	 ﾠare	 ﾠable	 ﾠto	 ﾠdemonstrate	 ﾠthat	 ﾠstimulating	 ﾠthe	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠproduces	 ﾠa	 ﾠnet	 ﾠinhibitory	 ﾠ
effect,	 ﾠin	 ﾠthe	 ﾠanti-ﾭ‐canonical	 ﾠdirection	 ﾠand	 ﾠconsistent	 ﾠwith	 ﾠthe	 ﾠanatomy.	 ﾠBut	 ﾠthe	 ﾠresponse	 ﾠlatency	 ﾠfor	 ﾠthis	 ﾠ
pathway	 ﾠ was	 ﾠ very	 ﾠ slow.	 ﾠ Furthermore	 ﾠ when	 ﾠ iSPNs	 ﾠ were	 ﾠ activated	 ﾠ no	 ﾠ non-ﾭ‐canonical	 ﾠ transient	 ﾠ was	 ﾠ
observed	 ﾠin	 ﾠFC.	 ﾠInterestingly	 ﾠthe	 ﾠChAT+	 ﾠGP-ﾭ‐FC	 ﾠcells	 ﾠdespite	 ﾠbeing	 ﾠGABAergic	 ﾠappear	 ﾠto	 ﾠbe	 ﾠnet	 ﾠexcitatory	 ﾠ
preserving	 ﾠthe	 ﾠgeneral	 ﾠcanonical	 ﾠoutput	 ﾠof	 ﾠthe	 ﾠGP.	 ﾠFuture	 ﾠwork	 ﾠshould	 ﾠfollow	 ﾠup	 ﾠon	 ﾠthis	 ﾠnon	 ﾠcanonical	 ﾠ
output	 ﾠto	 ﾠdetermine	 ﾠwhat	 ﾠroute	 ﾠit’s	 ﾠcoming	 ﾠfrom.	 ﾠ
	 ﾠ The	 ﾠexistence	 ﾠof	 ﾠa	 ﾠdirect	 ﾠGP-ﾭ‐FC	 ﾠprojection	 ﾠis	 ﾠparticularly	 ﾠinteresting	 ﾠwhen	 ﾠput	 ﾠin	 ﾠthe	 ﾠcontext	 ﾠof	 ﾠ
Schizophrenia.	 ﾠ Schizophrenia	 ﾠ is	 ﾠ a	 ﾠ complex	 ﾠ neurological	 ﾠ disorder	 ﾠ that	 ﾠ involves	 ﾠ deficits	 ﾠ in	 ﾠ the	 ﾠ frontal	 ﾠ
cortex,	 ﾠbut	 ﾠis	 ﾠeffectively	 ﾠtreated	 ﾠby	 ﾠD2	 ﾠantagonists.	 ﾠWhile	 ﾠthere	 ﾠare	 ﾠD2	 ﾠreceptors	 ﾠin	 ﾠmany	 ﾠregions	 ﾠof	 ﾠthe	 ﾠ
brain	 ﾠincluding	 ﾠfrontal	 ﾠcortex,	 ﾠby	 ﾠfar	 ﾠthe	 ﾠhighest	 ﾠconcentration	 ﾠis	 ﾠin	 ﾠstriatum	 ﾠon	 ﾠthe	 ﾠiSPNs.	 ﾠIt	 ﾠis	 ﾠthus	 ﾠvery	 ﾠ
convenient	 ﾠto	 ﾠfind	 ﾠa	 ﾠsingle	 ﾠprojection	 ﾠthat	 ﾠdirectly	 ﾠlinks	 ﾠiSPNs	 ﾠto	 ﾠfrontal	 ﾠcortex	 ﾠin	 ﾠonly	 ﾠtwo	 ﾠsynapses.	 ﾠ
Perhaps	 ﾠfuture	 ﾠpharmaceuticals	 ﾠcan	 ﾠbe	 ﾠdesigned	 ﾠto	 ﾠtarget	 ﾠonly	 ﾠthis	 ﾠpathway,	 ﾠto	 ﾠcreate	 ﾠnew	 ﾠtreatments	 ﾠ
for	 ﾠthis	 ﾠdisease.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ 	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A1.1:	 ﾠABSTRACT	 ﾠ
	 ﾠ
Optical	 ﾠstimulation	 ﾠand	 ﾠsilencing	 ﾠof	 ﾠneural	 ﾠactivity	 ﾠis	 ﾠa	 ﾠpowerful	 ﾠtechnique	 ﾠfor	 ﾠelucidating	 ﾠthe	 ﾠstructure	 ﾠ
and	 ﾠfunction	 ﾠof	 ﾠneural	 ﾠcircuitry.	 ﾠIn	 ﾠmost	 ﾠin	 ﾠvivo	 ﾠoptogenetic	 ﾠexperiments,	 ﾠ light	 ﾠ is	 ﾠ delivered	 ﾠ into	 ﾠ the	 ﾠ
brain	 ﾠ through	 ﾠ a	 ﾠ single	 ﾠ optical	 ﾠ fiber.	 ﾠ However,	 ﾠthis	 ﾠapproach	 ﾠlimits	 ﾠillumination	 ﾠto	 ﾠa	 ﾠfixed	 ﾠvolume	 ﾠof	 ﾠ
the	 ﾠbrain.	 ﾠHere	 ﾠa	 ﾠfocused	 ﾠion	 ﾠbeam	 ﾠis	 ﾠused	 ﾠto	 ﾠpattern	 ﾠmultiple	 ﾠlight	 ﾠwindows	 ﾠon	 ﾠa	 ﾠtapered	 ﾠoptical	 ﾠfiber.	 ﾠ
We	 ﾠshow	 ﾠthat	 ﾠsuch	 ﾠfibers	 ﾠallow	 ﾠselective	 ﾠand	 ﾠdynamical	 ﾠillumination	 ﾠof	 ﾠdifferent	 ﾠbrain	 ﾠregions	 ﾠalong	 ﾠthe	 ﾠ
taper.	 ﾠSite	 ﾠselection	 ﾠis	 ﾠachieved	 ﾠby	 ﾠa	 ﾠsimple	 ﾠcoupling	 ﾠstrategy	 ﾠat	 ﾠthe	 ﾠfiber	 ﾠinput,	 ﾠand	 ﾠthe	 ﾠuse	 ﾠof	 ﾠa	 ﾠsingle	 ﾠ
tapered	 ﾠ waveguide	 ﾠ minimizes	 ﾠ the	 ﾠ implant	 ﾠ invasiveness.	 ﾠ We	 ﾠ demonstrate	 ﾠ the	 ﾠ effectiveness	 ﾠ of	 ﾠ this	 ﾠ
approach	 ﾠfor	 ﾠmultipoint	 ﾠoptical	 ﾠstimulation	 ﾠin	 ﾠthe	 ﾠmammalian	 ﾠbrain	 ﾠin	 ﾠvivo	 ﾠby	 ﾠcoupling	 ﾠthe	 ﾠfiber	 ﾠto	 ﾠa	 ﾠ
microelectrode	 ﾠarray	 ﾠand	 ﾠperforming	 ﾠsimultaneous	 ﾠextracellular	 ﾠrecording	 ﾠand	 ﾠstimulation	 ﾠat	 ﾠmultiple	 ﾠ
sites	 ﾠin	 ﾠthe	 ﾠmouse	 ﾠstriatum	 ﾠand	 ﾠcerebral	 ﾠcortex.	 ﾠ
	 ﾠ
A1.2:	 ﾠINTRODUCTION	 ﾠ
The	 ﾠ use	 ﾠ of	 ﾠ microbial	 ﾠ opsins	 ﾠ for	 ﾠ optical	 ﾠ stimulation	 ﾠ and	 ﾠ silencing	 ﾠ of	 ﾠ neuronal	 ﾠ activity	 ﾠ
(optogenetics)	 ﾠfacilitates	 ﾠunderstanding	 ﾠneural	 ﾠ circuits	 ﾠand	 ﾠlinking	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠcircuit	 ﾠelements	 ﾠ to	 ﾠ
behavior	 ﾠ(Alivisatos	 ﾠet	 ﾠal.,	 ﾠ2013;	 ﾠ	 ﾠAndrasfalvy	 ﾠet	 ﾠal.,	 ﾠ2010;	 ﾠ	 ﾠBoyden	 ﾠet	 ﾠal.,	 ﾠ2005;	 ﾠ	 ﾠHan	 ﾠand	 ﾠBoyden,	 ﾠ2007;	 ﾠ	 ﾠ
Liu	 ﾠet	 ﾠal.,	 ﾠ2012;	 ﾠ	 ﾠPapagiakoumou	 ﾠet	 ﾠal.,	 ﾠ2010;	 ﾠ	 ﾠPrakash	 ﾠet	 ﾠal.,	 ﾠ2012;	 ﾠ	 ﾠRickgauer	 ﾠand	 ﾠTank,	 ﾠ2009;	 ﾠZhang	 ﾠet	 ﾠ
al.,	 ﾠ2007).	 ﾠOptogenetics	 ﾠhas	 ﾠin	 ﾠturn	 ﾠcreated	 ﾠa	 ﾠdemand	 ﾠfor	 ﾠoptical	 ﾠdevices	 ﾠthat	 ﾠtarget	 ﾠdelivery	 ﾠof	 ﾠlight	 ﾠto	 ﾠ
sub-ﾭ‐regions	 ﾠof	 ﾠthe	 ﾠliving	 ﾠbrain.	 ﾠCurrent	 ﾠspatially	 ﾠselective	 ﾠlight-ﾭ‐delivery	 ﾠ devices	 ﾠ for	 ﾠ optogenetics	 ﾠ are	 ﾠ
based	 ﾠ on	 ﾠ solid-ﾭ‐state	 ﾠ photonic	 ﾠ waveguide	 ﾠ array	 ﾠ or	 ﾠintegrated	 ﾠ	 ﾠsemiconductor	 ﾠ light-ﾭ‐emitting	 ﾠ	 ﾠdiodes	 ﾠ
(LEDs),	 ﾠ each	 ﾠ	 ﾠexciting	 ﾠ	 ﾠa	 ﾠ specific	 ﾠ spot	 ﾠ in	 ﾠ the	 ﾠbrain	 ﾠby	 ﾠexploiting	 ﾠthe	 ﾠspatial	 ﾠdistribution	 ﾠof	 ﾠmultiple	 ﾠ
light	 ﾠemitters.	 ﾠThis	 ﾠcontrol	 ﾠhas	 ﾠbeen	 ﾠachieved	 ﾠby	 ﾠmeans	 ﾠof	 ﾠseveral	 ﾠtechnological	 ﾠapproaches,	 ﾠincluding	 ﾠ	 ﾠ
	 ﾠ 89	 ﾠ
amplitude	 ﾠ or	 ﾠ phase	 ﾠ modulation	 ﾠ (Anselmi	 ﾠ et	 ﾠ al.,	 ﾠ 2011;	 ﾠ 	 ﾠGrossman	 ﾠ et	 ﾠ al.,	 ﾠ 2010),	 ﾠ glass-ﾭ‐sharpened	 ﾠ
optrodes	 ﾠ(Abaya	 ﾠet	 ﾠal.,	 ﾠ2012a;	 ﾠ	 ﾠAbaya	 ﾠet	 ﾠal.,	 ﾠ2012b),	 ﾠarrayed	 ﾠoptical	 ﾠfibers	 ﾠ(Royer	 ﾠet	 ﾠal.,	 ﾠ2010;	 ﾠ	 ﾠStark	 ﾠ
et	 ﾠal.,	 ﾠ2012),	 ﾠmulti-ﾭ‐waveguide	 ﾠ	 ﾠfabrication	 ﾠ	 ﾠon	 ﾠ	 ﾠa	 ﾠ	 ﾠsingle	 ﾠ	 ﾠsubstrate	 ﾠ	 ﾠ(Zorzos	 ﾠ	 ﾠet	 ﾠ	 ﾠal.,	 ﾠ	 ﾠ2010),	 ﾠ	 ﾠendoscopic	 ﾠ	 ﾠ
fiber	 ﾠbundles	 ﾠ(Hayashi	 ﾠet	 ﾠal.,	 ﾠ2012),	 ﾠLED-ﾭ‐coupled	 ﾠtapered	 ﾠfiber	 ﾠarrays	 ﾠ(Stark	 ﾠet	 ﾠal.,	 ﾠ2012),	 ﾠand	 ﾠwireless	 ﾠ
micrometer-ﾭ‐sized	 ﾠLEDs	 ﾠon	 ﾠflexible	 ﾠshafts	 ﾠ(Kim	 ﾠet	 ﾠ al.,	 ﾠ2013).	 ﾠRecently,	 ﾠimplantable	 ﾠthree-ﾭ‐dimensional	 ﾠ	 ﾠ
sets	 ﾠ	 ﾠof	 ﾠ	 ﾠsilicon	 ﾠ	 ﾠoxynitride	 ﾠ	 ﾠwaveguides	 ﾠ have	 ﾠ	 ﾠbeen	 ﾠ	 ﾠdeveloped,	 ﾠ	 ﾠraising	 ﾠ	 ﾠthe	 ﾠpossibility	 ﾠof	 ﾠgenerating	 ﾠ3D	 ﾠ
distributed	 ﾠlight	 ﾠpatterns	 ﾠin	 ﾠthe	 ﾠbrain	 ﾠ(Zorzos	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠIndividual	 ﾠwaveguides	 ﾠcan	 ﾠbe	 ﾠaddressed	 ﾠby	 ﾠ
a	 ﾠmatrix	 ﾠof	 ﾠmicromirrors	 ﾠ(Zorzos	 ﾠet	 ﾠal.,	 ﾠ2012)	 ﾠor	 ﾠseparately	 ﾠcoupled	 ﾠto	 ﾠdifferent	 ﾠlight	 ﾠsources	 ﾠ(Stark	 ﾠet	 ﾠ
al.,	 ﾠ2012),	 ﾠallowing	 ﾠoptical	 ﾠstimulation	 ﾠat	 ﾠeach	 ﾠpoint	 ﾠwith	 ﾠtunable	 ﾠwavelength	 ﾠand	 ﾠintensity.	 ﾠ
While	 ﾠthese	 ﾠmethods	 ﾠallow	 ﾠspatially	 ﾠselective	 ﾠillumination,	 ﾠthey	 ﾠrequire	 ﾠa	 ﾠcomplex	 ﾠfabrication	 ﾠ
process	 ﾠ and/or	 ﾠ coupling	 ﾠ strategy	 ﾠ at	 ﾠ the	 ﾠ distal	 ﾠ end	 ﾠ of	 ﾠ the	 ﾠ waveguides.	 ﾠ Moreover,	 ﾠ despite	 ﾠ the	 ﾠwide	 ﾠ
range	 ﾠof	 ﾠproposed	 ﾠdevices,	 ﾠonly	 ﾠa	 ﾠfew	 ﾠhave	 ﾠbeen	 ﾠtested	 ﾠin	 ﾠvivo	 ﾠ(Hayashi	 ﾠet	 ﾠal.,	 ﾠ2012;	 ﾠ	 ﾠKim	 ﾠet	 ﾠal.,	 ﾠ2013;	 ﾠ	 ﾠ
Royer	 ﾠet	 ﾠal.,	 ﾠ2010;	 ﾠ	 ﾠStark	 ﾠet	 ﾠal.,	 ﾠ2012;	 ﾠ	 ﾠTamura	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠThese	 ﾠdevices	 ﾠare	 ﾠalso	 ﾠquite	 ﾠ	 ﾠ	 ﾠinvasive	 ﾠ	 ﾠ	 ﾠdue	 ﾠ	 ﾠ	 ﾠ
to	 ﾠ	 ﾠ	 ﾠthe	 ﾠ	 ﾠ	 ﾠlarge	 ﾠ	 ﾠ	 ﾠnumber	 ﾠ	 ﾠ	 ﾠof	 ﾠ	 ﾠ	 ﾠimplanted	 ﾠ	 ﾠ	 ﾠwaveguides,	 ﾠ	 ﾠ	 ﾠoversized	 ﾠ	 ﾠ	 ﾠoptical	 ﾠcomponents,	 ﾠblunt	 ﾠinserting	 ﾠ
edges	 ﾠand	 ﾠpotentially	 ﾠhigh	 ﾠtemperatures	 ﾠgenerated	 ﾠby	 ﾠimplanted	 ﾠelectronics.	 ﾠ
Here	 ﾠwe	 ﾠdescribe	 ﾠthe	 ﾠimplementation	 ﾠof	 ﾠa	 ﾠnovel	 ﾠoptogenetic	 ﾠtool	 ﾠbased	 ﾠon	 ﾠa	 ﾠsingle	 ﾠwaveguide	 ﾠ
that,	 ﾠby	 ﾠa	 ﾠsimple	 ﾠoptical	 ﾠstrategy,	 ﾠcan	 ﾠselectively	 ﾠand	 ﾠdynamically	 ﾠilluminate	 ﾠmultiple	 ﾠbrain	 ﾠregions.	 ﾠThe	 ﾠ
device	 ﾠis	 ﾠminimally	 ﾠinvasive	 ﾠbecause	 ﾠit	 ﾠ comprises	 ﾠonly	 ﾠone	 ﾠthin	 ﾠ fiber	 ﾠwith	 ﾠ a	 ﾠsharp,	 ﾠtapered	 ﾠ tip.	 ﾠ To	 ﾠ
demonstrate	 ﾠ the	 ﾠ effectiveness	 ﾠ of	 ﾠ this	 ﾠ device	 ﾠ in	 ﾠ vivo,	 ﾠ we	 ﾠ coupled	 ﾠ it	 ﾠ to	 ﾠ a	 ﾠ linear	 ﾠ array	 ﾠ of	 ﾠ
microelectrodes	 ﾠfor	 ﾠsimultaneous	 ﾠmulti-ﾭ‐site	 ﾠextracellular	 ﾠrecording	 ﾠand	 ﾠoptical	 ﾠstimulation	 ﾠin	 ﾠthe	 ﾠbrain	 ﾠ
of	 ﾠawake	 ﾠmice.	 ﾠIn	 ﾠa	 ﾠproof-ﾭ‐of-ﾭ‐principle	 ﾠexperiment	 ﾠto	 ﾠvalidate	 ﾠthe	 ﾠmethodology,	 ﾠwe	 ﾠfind	 ﾠthat	 ﾠactivation	 ﾠ
of	 ﾠGABAergic	 ﾠinterneurons	 ﾠat	 ﾠdifferent	 ﾠdepths	 ﾠin	 ﾠprimary	 ﾠmotor	 ﾠcortex	 ﾠdifferentially	 ﾠmodulate	 ﾠsubsets	 ﾠ
of	 ﾠcortical	 ﾠneurons,	 ﾠsuggesting	 ﾠcell-ﾭ‐to-ﾭ‐cell	 ﾠspecificity	 ﾠof	 ﾠGABAergic	 ﾠinhibition	 ﾠin	 ﾠthe	 ﾠliving	 ﾠmammalian	 ﾠ
brain.	 ﾠ	 ﾠ
	 ﾠ 90	 ﾠ
	 ﾠ
A1.3:	 ﾠResults	 ﾠ
A	 ﾠsingle	 ﾠcore	 ﾠoptical	 ﾠfiber	 ﾠwith	 ﾠcladding	 ﾠ(total	 ﾠdiameter	 ﾠd0=125mm;	 ﾠsee	 ﾠExperimental	 ﾠProcedures	 ﾠ
for	 ﾠfurther	 ﾠdetails)	 ﾠwas	 ﾠtapered	 ﾠand,	 ﾠwith	 ﾠexception	 ﾠof	 ﾠa	 ﾠ200	 ﾠnm	 ﾠdiameter	 ﾠcircular	 ﾠarea	 ﾠat	 ﾠthe	 ﾠtip,	 ﾠwas	 ﾠ
coated	 ﾠwith	 ﾠgold	 ﾠas	 ﾠa	 ﾠreflective	 ﾠmaterial	 ﾠ(Figure	 ﾠA.1A	 ﾠ&	 ﾠB).	 ﾠThe	 ﾠtapered	 ﾠshape	 ﾠallows	 ﾠselection	 ﾠand	 ﾠ
manipulation	 ﾠof	 ﾠpropagating	 ﾠand	 ﾠevanescent	 ﾠmodes,	 ﾠ whereas	 ﾠthe	 ﾠcoating	 ﾠprevents	 ﾠ leakage	 ﾠ of	 ﾠ light	 ﾠ
(Novotny	 ﾠ and	 ﾠ Hecht,	 ﾠ 2006).	 ﾠ Light	 ﾠ emission	 ﾠ is	 ﾠ permitted	 ﾠ at	 ﾠ selected	 ﾠsites	 ﾠalong	 ﾠthe	 ﾠtaper	 ﾠby	 ﾠlocally	 ﾠ
removing	 ﾠthe	 ﾠcoating	 ﾠ to	 ﾠcreate	 ﾠ“windows”.	 ﾠIllumination	 ﾠwith	 ﾠa	 ﾠwell-ﾭ‐defined	 ﾠ modal	 ﾠ set	 ﾠ at	 ﾠ the	 ﾠ fiber	 ﾠ
input	 ﾠaddresses	 ﾠemission	 ﾠto	 ﾠspecific	 ﾠwindows	 ﾠalong	 ﾠthe	 ﾠfiber.	 ﾠ
The	 ﾠ gradual	 ﾠ taper	 ﾠ angle	 ﾠ (~3°-ﾭ‐6°)	 ﾠ and	 ﾠ the	 ﾠ small	 ﾠ external	 ﾠ diameter	 ﾠ of	 ﾠ the	 ﾠ tip	 ﾠ (~600nm)	 ﾠ allow	 ﾠ
smooth	 ﾠinsertion	 ﾠinto	 ﾠthe	 ﾠbrain,	 ﾠthereby	 ﾠreducing	 ﾠtissue	 ﾠdamage.	 ﾠTo	 ﾠobtain	 ﾠmultiple	 ﾠoptical	 ﾠwindows,	 ﾠ
the	 ﾠreflective	 ﾠcoating	 ﾠalong	 ﾠthe	 ﾠtaper	 ﾠand	 ﾠpart	 ﾠof	 ﾠthe	 ﾠunderlying	 ﾠmaterial	 ﾠare	 ﾠpierced	 ﾠat	 ﾠselected	 ﾠpoints,	 ﾠ
allowing	 ﾠlight	 ﾠof	 ﾠspecific	 ﾠmodes	 ﾠto	 ﾠescape	 ﾠinto	 ﾠthe	 ﾠsurrounding	 ﾠenvironment.	 ﾠIn	 ﾠthe	 ﾠfollowing	 ﾠwe	 ﾠdiscuss	 ﾠ
three	 ﾠdifferent	 ﾠdevices,	 ﾠdisplayed	 ﾠin	 ﾠFigures	 ﾠA.1B-ﾭ‐1D,	 ﾠin	 ﾠwhich	 ﾠtwo,	 ﾠthree	 ﾠor	 ﾠseven	 ﾠoptical	 ﾠwindows	 ﾠ
were	 ﾠcreated	 ﾠby	 ﾠfocused	 ﾠion	 ﾠbeam	 ﾠ(FIB)	 ﾠmilling	 ﾠ(detailed	 ﾠgeometrical	 ﾠ	 ﾠ parameters	 ﾠ	 ﾠ of	 ﾠ	 ﾠ each	 ﾠ	 ﾠ optical	 ﾠ	 ﾠ
aperture	 ﾠ	 ﾠare	 ﾠ	 ﾠgiven	 ﾠ	 ﾠin	 ﾠ	 ﾠExperimental	 ﾠ	 ﾠProced	 ﾠures	 ﾠsection).	 ﾠFIB	 ﾠis	 ﾠa	 ﾠparticularly	 ﾠversatile	 ﾠtechnology	 ﾠfor	 ﾠ
this	 ﾠpurpose	 ﾠbecause	 ﾠit	 ﾠallows	 ﾠlocalized	 ﾠmicromachining	 ﾠall	 ﾠalong	 ﾠthe	 ﾠfiber	 ﾠtaper	 ﾠwith	 ﾠa	 ﾠresolution	 ﾠbetter	 ﾠ
than	 ﾠ50nm.	 ﾠThus	 ﾠoptical	 ﾠapertures	 ﾠcan	 ﾠbe	 ﾠmilled	 ﾠwith	 ﾠdifferent	 ﾠsizes	 ﾠand	 ﾠshapes	 ﾠ(Figures	 ﾠA.1E-ﾭ‐1F)	 ﾠand	 ﾠ
relatively	 ﾠsimple	 ﾠoptical	 ﾠ elements,	 ﾠsuch	 ﾠas	 ﾠ diffraction	 ﾠgratings	 ﾠor	 ﾠmetallic	 ﾠmirrors,	 ﾠcan	 ﾠbe	 ﾠfabricated	 ﾠ
using	 ﾠion	 ﾠ-ﾭ‐	 ﾠor	 ﾠelectron-ﾭ‐beam	 ﾠinduced	 ﾠdeposition	 ﾠwithin	 ﾠthe	 ﾠsame	 ﾠsystem	 ﾠ(Cheng	 ﾠand	 ﾠSteckl,	 ﾠ2002).	 ﾠWe	 ﾠ
used	 ﾠ square	 ﾠ patterned	 ﾠ windows	 ﾠ for	 ﾠ this	 ﾠ study,	 ﾠ but	 ﾠ the	 ﾠ approach	 ﾠ can	 ﾠ be	 ﾠ easily	 ﾠ extended	 ﾠ to	 ﾠother	 ﾠ
types	 ﾠof	 ﾠoptical	 ﾠelements	 ﾠalong	 ﾠthe	 ﾠtaper.	 ﾠ	 ﾠ
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Figure	 ﾠA.1.	 ﾠMulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfibers.	 ﾠ
	 ﾠ
(A)	 ﾠ Schematic	 ﾠ representation	 ﾠ of	 ﾠ a	 ﾠ seven-ﾭ‐window	 ﾠ multi-ﾭ‐point	 ﾠ emitting	 ﾠ optical	 ﾠ fiber	 ﾠ device.	 ﾠ (B-ﾭ‐	 ﾠ D)	 ﾠ SEM	 ﾠ
micrograph	 ﾠof	 ﾠthe	 ﾠrealized	 ﾠdevices.	 ﾠThe	 ﾠinset	 ﾠin	 ﾠpanel	 ﾠB	 ﾠshows	 ﾠthe	 ﾠcircular	 ﾠaperture	 ﾠat	 ﾠthe	 ﾠtaper	 ﾠtip.	 ﾠThe	 ﾠinset	 ﾠin	 ﾠ
panel	 ﾠC	 ﾠshows	 ﾠthe	 ﾠsmallest	 ﾠoptical	 ﾠwindow	 ﾠrealized	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠa	 ﾠthree-ﾭ‐window	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠ
fiber.	 ﾠ(E-ﾭ‐F)	 ﾠA	 ﾠsquare	 ﾠ(panel	 ﾠE)	 ﾠand	 ﾠcircular	 ﾠ(panel	 ﾠF)	 ﾠoptical	 ﾠwindow	 ﾠrealized	 ﾠon	 ﾠthe	 ﾠtaper	 ﾠedge.	 ﾠ
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A1.3.1:	 ﾠOptical	 ﾠproperties	 ﾠof	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfibers	 ﾠin	 ﾠnon-ﾭ‐scattering	 ﾠmedium	 ﾠ
Each	 ﾠmicro-ﾭ‐machined	 ﾠwindow	 ﾠout-ﾭ‐couples	 ﾠonly	 ﾠa	 ﾠfraction	 ﾠof	 ﾠthe	 ﾠlight	 ﾠthat	 ﾠis	 ﾠguided	 ﾠinto	 ﾠthe	 ﾠ
fiber.	 ﾠThe	 ﾠremaining	 ﾠradiation	 ﾠpropagates	 ﾠfurther	 ﾠinto	 ﾠthe	 ﾠtaper	 ﾠand	 ﾠundergoes	 ﾠa	 ﾠmodal	 ﾠmanipulation	 ﾠ
and	 ﾠ selection:	 ﾠ the	 ﾠ transversal	 ﾠ component	 ﾠ of	 ﾠ the	 ﾠ wave	 ﾠ vector	 ﾠ associated	 ﾠ to	 ﾠ the	 ﾠ j-ﾭ‐	 ﾠ th	 ﾠ mode	 ﾠ (kjT)	 ﾠ
increases	 ﾠas	 ﾠthe	 ﾠtaper	 ﾠnarrows	 ﾠ(Figure	 ﾠA.2A).	 ﾠAs	 ﾠdetailed	 ﾠin	 ﾠExperimental	 ﾠProcedures,	 ﾠ this	 ﾠ implies	 ﾠ that	 ﾠ
the	 ﾠ higher	 ﾠ	 ﾠthe	 ﾠ	 ﾠkjT	 ﾠ	 ﾠ value	 ﾠ of	 ﾠ modes	 ﾠ at	 ﾠ the	 ﾠ taper	 ﾠ	 ﾠentrance,	 ﾠ the	 ﾠshorter	 ﾠthe	 ﾠpropagation	 ﾠlength	 ﾠof	 ﾠ
the	 ﾠj-ﾭ‐th	 ﾠmode	 ﾠinto	 ﾠthe	 ﾠtaper.	 ﾠBecause	 ﾠthe	 ﾠlower	 ﾠorder	 ﾠmodes	 ﾠpropagate	 ﾠfurther	 ﾠdown	 ﾠthe	 ﾠtaper	 ﾠthan	 ﾠ
the	 ﾠhigher	 ﾠorder	 ﾠmodes,	 ﾠthis	 ﾠallows	 ﾠa	 ﾠstrategy	 ﾠto	 ﾠout-ﾭ‐	 ﾠcouple	 ﾠlight	 ﾠfrom	 ﾠspecific	 ﾠoptical	 ﾠwindows	 ﾠalong	 ﾠ
the	 ﾠtaper.	 ﾠThe	 ﾠsimplest	 ﾠway	 ﾠto	 ﾠcontrol	 ﾠkjT	 ﾠvalues	 ﾠat	 ﾠ the	 ﾠ taper	 ﾠ input	 ﾠ is	 ﾠto	 ﾠ modify	 ﾠ the	 ﾠinput-ﾭ‐coupling	 ﾠ
angle	 ﾠθ	 ﾠat	 ﾠthe	 ﾠdistal	 ﾠend	 ﾠof	 ﾠthe	 ﾠfiber.	 ﾠThe	 ﾠhigher	 ﾠthe	 ﾠinput	 ﾠcoupling	 ﾠangle	 ﾠθ,	 ﾠthe	 ﾠhigher	 ﾠthe	 ﾠkT	 ﾠof	 ﾠthe	 ﾠ
light	 ﾠ guided	 ﾠ into	 ﾠ the	 ﾠfiber	 ﾠ (Figure	 ﾠA.	 ﾠ2B;	 ﾠsee	 ﾠSupplemental	 ﾠ Information	 ﾠ for	 ﾠtheory	 ﾠrelated	 ﾠ to	 ﾠ these	 ﾠ
phenomena).	 ﾠ	 ﾠ
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Figure	 ﾠA.2.	 ﾠModal	 ﾠevolution	 ﾠin	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfibers.	 ﾠ
	 ﾠ
(A)	 ﾠ kjT(d)	 ﾠ evolution	 ﾠ as	 ﾠ a	 ﾠ function	 ﾠ of	 ﾠ the	 ﾠ taper	 ﾠ diameter	 ﾠ d.	 ﾠ Each	 ﾠ color	 ﾠ represents	 ﾠ a	 ﾠ different	 ﾠvalue	 ﾠ of	 ﾠ
kjT(d0)	 ﾠat	 ﾠthe	 ﾠtaper	 ﾠentrance.	 ﾠThe	 ﾠdashed	 ﾠblack	 ﾠline	 ﾠrepresents	 ﾠthe	 ﾠ kj	 ﾠ	 ﾠvalue	 ﾠinto	 ﾠthe	 ﾠtaper.	 ﾠFor	 ﾠkjT>kj,	 ﾠthe	 ﾠj-ﾭ‐
th	 ﾠ mode	 ﾠ becomes	 ﾠ evanescent	 ﾠ and	 ﾠ lies	 ﾠ within	 ﾠ the	 ﾠ grey	 ﾠ area.	 ﾠ (B)	 ﾠ kT	 ﾠ of	 ﾠ the	 ﾠmost	 ﾠ powerful	 ﾠ injected	 ﾠ in	 ﾠ the	 ﾠ
core/cladding	 ﾠsection	 ﾠof	 ﾠthe	 ﾠoptical	 ﾠfiber,	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠinput	 ﾠcoupling	 ﾠangle	 ﾠθ.	 ﾠDetails	 ﾠon	 ﾠthe	 ﾠcalculations	 ﾠ
reported	 ﾠin	 ﾠare	 ﾠgiven	 ﾠin	 ﾠSupplemental	 ﾠInformation.	 ﾠ	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In	 ﾠorder	 ﾠto	 ﾠcontrol	 ﾠthe	 ﾠinput	 ﾠlight	 ﾠangle	 ﾠto	 ﾠthe	 ﾠfiber,	 ﾠa	 ﾠ λ0=473nm	 ﾠlaser	 ﾠis	 ﾠreflected	 ﾠby	 ﾠa	 ﾠfixed	 ﾠ
mirror	 ﾠ	 ﾠ(M1)	 ﾠ and	 ﾠ a	 ﾠ sliding	 ﾠ mirror	 ﾠ	 ﾠ(M2),	 ﾠ whose	 ﾠ position	 ﾠdefines	 ﾠ the	 ﾠ input	 ﾠ coupling	 ﾠangle	 ﾠ θ	 ﾠ(Figure	 ﾠ	 ﾠ	 ﾠ
A.3A).	 ﾠ	 ﾠ	 ﾠ When	 ﾠ	 ﾠ	 ﾠ the	 ﾠ	 ﾠ	 ﾠmirror	 ﾠ	 ﾠ	 ﾠM2	 ﾠ	 ﾠ	 ﾠ is	 ﾠ	 ﾠ	 ﾠ in	 ﾠ	 ﾠ	 ﾠthe	 ﾠ	 ﾠ	 ﾠ Home	 ﾠ	 ﾠ	 ﾠ position,	 ﾠ	 ﾠ the	 ﾠ	 ﾠ	 ﾠlaser	 ﾠ	 ﾠ	 ﾠ beam	 ﾠ	 ﾠ	 ﾠ travels	 ﾠ
perpendicularly	 ﾠthrough	 ﾠthe	 ﾠcenter	 ﾠof	 ﾠthe	 ﾠlens	 ﾠL1,	 ﾠwhich	 ﾠfocuses	 ﾠthe	 ﾠoptical	 ﾠradiation	 ﾠcoaxially	 ﾠto	 ﾠthe	 ﾠ
optical	 ﾠfiber	 ﾠaxis	 ﾠ(θ=0°).	 ﾠIf	 ﾠthe	 ﾠmirror	 ﾠis	 ﾠmoved	 ﾠalong	 ﾠthe	 ﾠoptical	 ﾠaxis,	 ﾠthe	 ﾠlight	 ﾠis	 ﾠfocused	 ﾠinto	 ﾠthe	 ﾠfiber	 ﾠ
coupler	 ﾠwith	 ﾠa	 ﾠdifferent	 ﾠθ.	 ﾠ	 ﾠ
When	 ﾠθ	 ﾠis	 ﾠchanged,	 ﾠthe	 ﾠout-ﾭ‐coupled	 ﾠlight	 ﾠintensity	 ﾠredistributes	 ﾠamong	 ﾠthe	 ﾠoptical	 ﾠwindows.	 ﾠAt	 ﾠ
θ~0°,	 ﾠmost	 ﾠof	 ﾠthe	 ﾠlight	 ﾠis	 ﾠemitted	 ﾠfrom	 ﾠthe	 ﾠfiber	 ﾠtip	 ﾠ(Sup	 ﾠFigure	 ﾠA.S4).	 ﾠHowever,	 ﾠas	 ﾠθ	 ﾠis	 ﾠincreased	 ﾠabove	 ﾠ
~2°,	 ﾠtip	 ﾠemission	 ﾠbecomes	 ﾠnegligible	 ﾠand	 ﾠmost	 ﾠof	 ﾠthe	 ﾠlight	 ﾠis	 ﾠemitted	 ﾠby	 ﾠthe	 ﾠside	 ﾠapertures.	 ﾠEmission	 ﾠ
evolves	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠθ,	 ﾠdemonstrated	 ﾠin	 ﾠFigure	 ﾠA.3	 ﾠfor	 ﾠa	 ﾠ2-ﾭ‐,	 ﾠ3-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐	 ﾠwindow	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠ
fibers	 ﾠ(hereafter	 ﾠreferred	 ﾠto	 ﾠas	 ﾠ2-ﾭ‐,	 ﾠ3-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐MPF)	 ﾠimmersed	 ﾠin	 ﾠa	 ﾠFluorescein:water	 ﾠsolution.	 ﾠAt	 ﾠlow	 ﾠθ,	 ﾠ
light	 ﾠis	 ﾠpredominantly	 ﾠemitted	 ﾠby	 ﾠthe	 ﾠholes	 ﾠclosest	 ﾠto	 ﾠthe	 ﾠtip,	 ﾠand	 ﾠin	 ﾠboth	 ﾠ2-ﾭ‐	 ﾠand	 ﾠ3-ﾭ‐MPF	 ﾠnon-ﾭ‐negligible	 ﾠ
emission	 ﾠtakes	 ﾠplace	 ﾠonly	 ﾠat	 ﾠwindow	 ﾠH1	 ﾠ(Figures	 ﾠA.3	 ﾠB1	 ﾠ&	 ﾠC1).	 ﾠProgressively	 ﾠincreasing	 ﾠθ	 ﾠdirects	 ﾠlight	 ﾠ
emission	 ﾠto	 ﾠwindow	 ﾠH2	 ﾠfor	 ﾠthe	 ﾠ2-ﾭ‐MPF	 ﾠ(Figure	 ﾠ A.3	 ﾠB2	 ﾠ &	 ﾠB3)	 ﾠ and	 ﾠ to	 ﾠ H2	 ﾠ and	 ﾠthen	 ﾠ H3	 ﾠ for	 ﾠthe	 ﾠ 3-ﾭ‐MPF	 ﾠ
(Figure	 ﾠA.3	 ﾠC2	 ﾠ&	 ﾠC3).	 ﾠThis	 ﾠallows	 ﾠthe	 ﾠindependent	 ﾠ	 ﾠcontrol	 ﾠ	 ﾠof	 ﾠ	 ﾠtwo	 ﾠ	 ﾠor	 ﾠ	 ﾠthree	 ﾠ	 ﾠemitting	 ﾠ	 ﾠpoints	 ﾠ	 ﾠalong	 ﾠ	 ﾠ
700μm,	 ﾠ	 ﾠwith	 ﾠ	 ﾠspatially	 ﾠ	 ﾠsharp	 ﾠemission	 ﾠ	 ﾠprofiles	 ﾠ	 ﾠ(Figures	 ﾠ A.3	 ﾠB4	 ﾠ	 ﾠ&	 ﾠ C4).	 ﾠ In	 ﾠ the	 ﾠ case	 ﾠ of	 ﾠ the	 ﾠ 7-ﾭ‐MPF,	 ﾠ
the	 ﾠ light	 ﾠ emission	 ﾠ is	 ﾠ less	 ﾠselective	 ﾠamong	 ﾠthe	 ﾠclosely-ﾭ‐spaced	 ﾠwindows,	 ﾠbut	 ﾠincreasing	 ﾠθ	 ﾠstill	 ﾠshifts	 ﾠthe	 ﾠ
maximum	 ﾠof	 ﾠthe	 ﾠemitted	 ﾠlight	 ﾠtowards	 ﾠthe	 ﾠwindows	 ﾠfurther	 ﾠfrom	 ﾠthe	 ﾠtip,	 ﾠand	 ﾠemission	 ﾠfrom	 ﾠall	 ﾠwindows	 ﾠ
defines	 ﾠthe	 ﾠpoint	 ﾠof	 ﾠmaximum	 ﾠintensity	 ﾠ(Figure	 ﾠA.3	 ﾠD4).	 ﾠ
These	 ﾠ behaviors	 ﾠ can	 ﾠ be	 ﾠ explained	 ﾠ by	 ﾠ the	 ﾠ modal	 ﾠ manipulation	 ﾠ performed	 ﾠ by	 ﾠ the	 ﾠ taper	 ﾠ on	 ﾠ
kjT,	 ﾠwhose	 ﾠvalues	 ﾠstrongly	 ﾠinfluence	 ﾠthe	 ﾠradiation	 ﾠefficiency	 ﾠof	 ﾠeach	 ﾠside	 ﾠwindow	 ﾠ (Sup	 ﾠFigure	 ﾠA.S2).	 ﾠ	 ﾠ
This	 ﾠis	 ﾠconfirmed	 ﾠby	 ﾠthe	 ﾠdirectionality	 ﾠof	 ﾠout-ﾭ‐coupled	 ﾠlight:	 ﾠincreasing	 ﾠθ	 ﾠis	 ﾠaccompanied	 ﾠby	 ﾠa	 ﾠmoderate	 ﾠ
tilting	 ﾠof	 ﾠthe	 ﾠoutput	 ﾠangle	 ﾠof	 ﾠthe	 ﾠlight	 ﾠbeams	 ﾠ(Figures	 ﾠA.3	 ﾠB5,	 ﾠ3C5	 ﾠand	 ﾠ3D5).	 ﾠThe	 ﾠcloser	 ﾠ	 ﾠ
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Figure	 ﾠA.3.	 ﾠOptical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfiber	 ﾠin	 ﾠfluorescein	 ﾠsolution	 ﾠ
(A)	 ﾠ Optical	 ﾠ setup	 ﾠ used	 ﾠ to	 ﾠ modify	 ﾠ the	 ﾠ input-ﾭ‐coupling	 ﾠ angle	 ﾠ θ.	 ﾠ A	 ﾠ CW	 ﾠ λ0=473nm	 ﾠ laser	 ﾠ beam	 ﾠ is	 ﾠreflected	 ﾠby	 ﾠa	 ﾠ
fixed	 ﾠmirror	 ﾠ(M1)	 ﾠand	 ﾠa	 ﾠsliding	 ﾠmirror	 ﾠ(M2)	 ﾠredirects	 ﾠit	 ﾠtoward	 ﾠlens	 ﾠL1.	 ﾠWhen	 ﾠM2	 ﾠis	 ﾠin	 ﾠthe	 ﾠHome	 ﾠposition,	 ﾠthe	 ﾠ
laser	 ﾠbeam	 ﾠtravels	 ﾠperpendicularly	 ﾠto	 ﾠL1	 ﾠand	 ﾠthrough	 ﾠits	 ﾠcenter,	 ﾠand	 ﾠ is	 ﾠ then	 ﾠ focused	 ﾠ onto	 ﾠ the	 ﾠ optical	 ﾠ fiber.	 ﾠ
When	 ﾠM2	 ﾠis	 ﾠmoved	 ﾠby	 ﾠPM2	 ﾠalong	 ﾠthe	 ﾠoptical	 ﾠaxis	 ﾠof	 ﾠthe	 ﾠsetup,	 ﾠthe	 ﾠlaser	 ﾠbeam	 ﾠis	 ﾠstill	 ﾠperpendicular	 ﾠto	 ﾠL1	 ﾠbut	 ﾠit	 ﾠ
is	 ﾠfocused	 ﾠinto	 ﾠthe	 ﾠoptical	 ﾠfiber	 ﾠwith	 ﾠan	 ﾠangle	 ﾠθ.	 ﾠTo	 ﾠperform	 ﾠoptical	 ﾠcharacterization	 ﾠof	 ﾠthe	 ﾠdevice,	 ﾠthe	 ﾠfiber	 ﾠ
taper	 ﾠ was	 ﾠ immersed	 ﾠ in	 ﾠ a	 ﾠfluorescein	 ﾠ bath	 ﾠ and	 ﾠ the	 ﾠ fluorescein	 ﾠ emission	 ﾠ collected	 ﾠ by	 ﾠ an	 ﾠoptical	 ﾠ microscope	 ﾠ
equipped	 ﾠby	 ﾠa	 ﾠFITC	 ﾠfilter	 ﾠand	 ﾠa	 ﾠcolor	 ﾠCCD	 ﾠcamera.	 ﾠ(B-ﾭ‐D)	 ﾠLight-ﾭ‐microscope	 ﾠimages	 ﾠof	 ﾠthe	 ﾠ2-ﾭ‐,	 ﾠ3-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐	 ﾠwindow	 ﾠ
devices	 ﾠimmersed	 ﾠin	 ﾠa	 ﾠdrop	 ﾠof	 ﾠFluorescein:water	 ﾠsolution	 ﾠwith	 ﾠno	 ﾠlaser	 ﾠcoupled	 ﾠat	 ﾠits	 ﾠentrance,	 ﾠrespectively.	 ﾠ	 ﾠ
(B1-ﾭ‐B3,C1-ﾭ‐C3,D1-ﾭ‐D3):	 ﾠ	 ﾠFluorescence	 ﾠ	 ﾠimages	 ﾠ	 ﾠshowing	 ﾠ	 ﾠthe	 ﾠ	 ﾠtaper	 ﾠ	 ﾠemission	 ﾠ	 ﾠfor	 ﾠthree	 ﾠ	 ﾠdifferent	 ﾠ	 ﾠinput-ﾭ‐coupling	 ﾠ	 ﾠ
angles.	 ﾠ	 ﾠScale	 ﾠ	 ﾠbars	 ﾠ	 ﾠare	 ﾠ	 ﾠ100μm.	 ﾠ	 ﾠContinuous	 ﾠ	 ﾠwhite	 ﾠ	 ﾠlines	 ﾠ	 ﾠwere	 ﾠadded	 ﾠto	 ﾠhighlight	 ﾠthe	 ﾠtaper	 ﾠprofile.	 ﾠDashed	 ﾠlines	 ﾠ
identify	 ﾠ where	 ﾠ the	 ﾠ intensity	 ﾠ profiles	 ﾠ in	 ﾠ panels	 ﾠB4,	 ﾠ C4	 ﾠ and	 ﾠ D4	 ﾠ were	 ﾠ measured.	 ﾠ (B4,C4,D4)	 ﾠ Intensity	 ﾠ profiles	 ﾠ
collected	 ﾠ 100μm	 ﾠ from	 ﾠ the	 ﾠ fiber	 ﾠ taper,	 ﾠ along	 ﾠ the	 ﾠ white	 ﾠ dashed	 ﾠ lines	 ﾠ displayed	 ﾠ in	 ﾠ panels	 ﾠ B1,	 ﾠ C1	 ﾠ and	 ﾠ D1.	 ﾠ
(B5,C5,D5)	 ﾠOutput	 ﾠangle	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠinput	 ﾠcoupling	 ﾠangle	 ﾠθ	 ﾠfor	 ﾠ2-ﾭ‐,	 ﾠ3-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐	 ﾠwindow	 ﾠMPF,	 ﾠrespectively.	 ﾠ
Output	 ﾠangle	 ﾠis	 ﾠdefined	 ﾠin	 ﾠpanel	 ﾠB2.	 ﾠ	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Figure	 ﾠA.3.	 ﾠ(Continued):	 ﾠOptical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠmulti-ﾭ‐point	 ﾠemitting	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 ﾠfiber	 ﾠin	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 ﾠ
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the	 ﾠwindow	 ﾠto	 ﾠthe	 ﾠtaper	 ﾠtip,	 ﾠthe	 ﾠwider	 ﾠthe	 ﾠtilting	 ﾠof	 ﾠthe	 ﾠout-ﾭ‐coupled	 ﾠbeam,	 ﾠby	 ﾠvirtue	 ﾠof	 ﾠthe	 ﾠwider	 ﾠ
range	 ﾠof	 ﾠkjT	 ﾠvalues	 ﾠbetween	 ﾠθ~0°	 ﾠand	 ﾠθ~12.5°.	 ﾠ
Due	 ﾠ to	 ﾠ modes	 ﾠ evanescence,	 ﾠ the	 ﾠ maximum	 ﾠ out-ﾭ‐coupling	 ﾠ efficiency	 ﾠ is	 ﾠ not	 ﾠ the	 ﾠ same	 ﾠ for	 ﾠ all	 ﾠ
the	 ﾠside	 ﾠwindows.	 ﾠThus,	 ﾠthe	 ﾠinput	 ﾠpower	 ﾠneeded	 ﾠin	 ﾠorder	 ﾠto	 ﾠemit	 ﾠa	 ﾠconstant	 ﾠpower	 ﾠ(Pout	 ﾠ)	 ﾠat	 ﾠeach	 ﾠ
window	 ﾠvaries.	 ﾠWe	 ﾠdetermined	 ﾠthe	 ﾠinput	 ﾠpower	 ﾠ(PFC)	 ﾠand	 ﾠangle	 ﾠ(θ)	 ﾠrequired	 ﾠat	 ﾠthe	 ﾠfiber	 ﾠconnector	 ﾠto	 ﾠ
output	 ﾠ ~0.1	 ﾠ mW	 ﾠ at	 ﾠ the	 ﾠ selected	 ﾠ window	 ﾠ while	 ﾠ maintaining	 ﾠ extinction	 ﾠ ratios	 ﾠ (the	 ﾠ ratios	 ﾠ of	 ﾠ powers	 ﾠ
emitted	 ﾠby	 ﾠnon-ﾭ‐selected	 ﾠand	 ﾠselected	 ﾠwindows)	 ﾠbelow	 ﾠ1:10	 ﾠfor	 ﾠ2-ﾭ‐MPF	 ﾠand	 ﾠ1:4	 ﾠfor	 ﾠ3-ﾭ‐MPF.	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠof	 ﾠ
a	 ﾠ2-ﾭ‐MPF,	 ﾠthis	 ﾠoccurred	 ﾠfor	 ﾠH1	 ﾠwith	 ﾠθ=8°	 ﾠand	 ﾠPFC~2.3mW	 ﾠand	 ﾠfor	 ﾠH2	 ﾠwith	 ﾠθ=12.5°	 ﾠand	 ﾠPFC~15mW.	 ﾠFor	 ﾠ
the	 ﾠ3-ﾭ‐MPF,	 ﾠthis	 ﾠrequired	 ﾠPFC~25mW	 ﾠat	 ﾠθ=5°	 ﾠ(H1),	 ﾠP	 ﾠPFC~22mW	 ﾠ at	 ﾠ θ=10.5°	 ﾠ (H2)	 ﾠ and	 ﾠ PFC~15mW	 ﾠ at	 ﾠ
θ=12.5°	 ﾠ (H3).	 ﾠ In	 ﾠ contrast,	 ﾠ in	 ﾠ the	 ﾠ 7-ﾭ‐MPF	 ﾠ the	 ﾠ emission	 ﾠ of	 ﾠ all	 ﾠ apertures	 ﾠ contributes	 ﾠ to	 ﾠ the	 ﾠ total	 ﾠ
emitting	 ﾠpower:	 ﾠthe	 ﾠinput	 ﾠpower	 ﾠto	 ﾠobtain	 ﾠPout~0.1mW	 ﾠat	 ﾠ100μm	 ﾠfrom	 ﾠthe	 ﾠtaper	 ﾠwas	 ﾠestimated	 ﾠto	 ﾠ
be	 ﾠPFC~1.5mW	 ﾠat	 ﾠθ=5°,	 ﾠPFC~1mW	 ﾠat	 ﾠθ=9°	 ﾠand	 ﾠPFC~7mW	 ﾠat	 ﾠθ=11.5°.	 ﾠ
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A1.3.2:	 ﾠOptical	 ﾠproperties	 ﾠof	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfibers	 ﾠin	 ﾠbrain	 ﾠtissue	 ﾠ
	 ﾠ
In	 ﾠthe	 ﾠbrain,	 ﾠscattering	 ﾠand	 ﾠabsorption	 ﾠof	 ﾠlight	 ﾠby	 ﾠtissue	 ﾠdetermine	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠphotons	 ﾠ
emitted	 ﾠby	 ﾠan	 ﾠoptical	 ﾠfiber	 ﾠ(Yizhar	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠTo	 ﾠtest	 ﾠhow	 ﾠlight	 ﾠemitted	 ﾠfrom	 ﾠthe	 ﾠsmall	 ﾠwindows	 ﾠon	 ﾠ
the	 ﾠtapered	 ﾠfibers	 ﾠbehaves	 ﾠin	 ﾠscattering	 ﾠmedium,	 ﾠwe	 ﾠmeasured	 ﾠthe	 ﾠfluorescent	 ﾠprofiles	 ﾠgenerated	 ﾠby	 ﾠ2-ﾭ‐
,	 ﾠ3-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐MPFs	 ﾠinserted	 ﾠinto	 ﾠfluorescein-ﾭ‐stained	 ﾠcoronal	 ﾠmouse	 ﾠbrain-ﾭ‐	 ﾠslices	 ﾠ(Figures	 ﾠA.4	 ﾠA-ﾭ‐C).	 ﾠFor	 ﾠthe	 ﾠ
2-ﾭ‐	 ﾠand	 ﾠ3-ﾭ‐MPFs	 ﾠtwo	 ﾠmain	 ﾠdifferences	 ﾠwere	 ﾠobserved	 ﾠcompared	 ﾠto	 ﾠfluorescein	 ﾠin	 ﾠsolution:	 ﾠ(i)	 ﾠspreading	 ﾠof	 ﾠ
the	 ﾠemitted	 ﾠbeam,	 ﾠas	 ﾠshown	 ﾠby	 ﾠthe	 ﾠiso-ﾭ‐intensity	 ﾠcurves	 ﾠin	 ﾠFigures	 ﾠA.4D-ﾭ‐E,	 ﾠand	 ﾠ(ii)	 ﾠfaster	 ﾠdecay	 ﾠof	 ﾠlight	 ﾠ
intensity	 ﾠdue	 ﾠto	 ﾠtissue	 ﾠabsorption	 ﾠ(Figure	 ﾠA.4	 ﾠF).	 ﾠNevertheless,	 ﾠthe	 ﾠactive	 ﾠwindow	 ﾠcan	 ﾠstill	 ﾠbe	 ﾠselected	 ﾠ
by	 ﾠchanging	 ﾠthe	 ﾠinput-ﾭ‐coupling	 ﾠangle	 ﾠθ	 ﾠfor	 ﾠboth	 ﾠ2-ﾭ‐	 ﾠand	 ﾠ3-ﾭ‐MPF	 ﾠ(Figures	 ﾠA.4	 ﾠA4	 ﾠ&	 ﾠ4B4)	 ﾠwith	 ﾠonly	 ﾠslight	 ﾠ
variations	 ﾠin	 ﾠthe	 ﾠangle	 ﾠdependence	 ﾠcompared	 ﾠto	 ﾠfluorescein	 ﾠin	 ﾠsolution	 ﾠ(Sup	 ﾠFigure	 ﾠA.S8).	 ﾠFor	 ﾠ7-ﾭ‐MPF,	 ﾠ	 ﾠ
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the	 ﾠspread	 ﾠof	 ﾠthe	 ﾠbeam	 ﾠemitted	 ﾠby	 ﾠa	 ﾠsingle	 ﾠwindow	 ﾠresults	 ﾠin	 ﾠa	 ﾠstrongly	 ﾠreduced	 ﾠinfluence	 ﾠof	 ﾠθ	 ﾠon	 ﾠthe	 ﾠ
selection	 ﾠof	 ﾠthe	 ﾠilluminated	 ﾠbrain	 ﾠregion	 ﾠ(Figure	 ﾠA.4	 ﾠC4)	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠfluorescein	 ﾠin	 ﾠsolution.	 ﾠ
While	 ﾠall	 ﾠ in	 ﾠvivo	 ﾠ experiments	 ﾠ reported	 ﾠ below	 ﾠwere	 ﾠcarried	 ﾠ out	 ﾠon	 ﾠ head-ﾭ‐restrained	 ﾠ mice,	 ﾠthe	 ﾠdevice	 ﾠ
can	 ﾠbe	 ﾠeasily	 ﾠadapted	 ﾠto	 ﾠfreely	 ﾠbehaving	 ﾠanimals,	 ﾠwhere	 ﾠa	 ﾠshort	 ﾠfiber	 ﾠstub	 ﾠis	 ﾠimplanted	 ﾠinto	 ﾠthe	 ﾠmoving	 ﾠ
mouse	 ﾠ and	 ﾠ an	 ﾠ extension	 ﾠ fiber	 ﾠ is	 ﾠ used	 ﾠ to	 ﾠ bring	 ﾠlight	 ﾠ to	 ﾠ the	 ﾠ stub.	 ﾠ In	 ﾠorder	 ﾠ to	 ﾠdemonstrate	 ﾠthat	 ﾠ the	 ﾠ
coupling	 ﾠat	 ﾠthe	 ﾠfiber	 ﾠjunction	 ﾠas	 ﾠwell	 ﾠas	 ﾠfiber	 ﾠbending	 ﾠinduced	 ﾠby	 ﾠmouse	 ﾠmovement	 ﾠwould	 ﾠnot	 ﾠlead	 ﾠto	 ﾠ
significant	 ﾠmodifications	 ﾠof	 ﾠMPFs	 ﾠlight	 ﾠemission,	 ﾠwe	 ﾠtested	 ﾠa	 ﾠwarped	 ﾠ 2-ﾭ‐MPF	 ﾠ using	 ﾠ an	 ﾠ extension	 ﾠ fiber	 ﾠ
(Figure	 ﾠ A.5	 ﾠ D).	 ﾠ Emission	 ﾠ properties	 ﾠ were	 ﾠ characterized	 ﾠ before	 ﾠ and	 ﾠ after	 ﾠ warping	 ﾠ the	 ﾠ fiber,	 ﾠ to	 ﾠ
simulate	 ﾠ animal	 ﾠ movement.	 ﾠ As	 ﾠ shown	 ﾠ in	 ﾠ Figures	 ﾠ A.5E-ﾭ‐H,	 ﾠ windows	 ﾠ H1	 ﾠ and	 ﾠ H2	 ﾠ could	 ﾠ still	 ﾠ be	 ﾠ
independently	 ﾠaddressed	 ﾠby	 ﾠchanging	 ﾠθ,	 ﾠwith	 ﾠonly	 ﾠslight	 ﾠvariations	 ﾠof	 ﾠemission	 ﾠprofiles	 ﾠ(Figure	 ﾠA.5	 ﾠI).	 ﾠTo	 ﾠ
assess	 ﾠwarping	 ﾠeffects	 ﾠon	 ﾠoutcoupled	 ﾠpower	 ﾠ(Pout),	 ﾠPout	 ﾠ	 ﾠwas	 ﾠset	 ﾠat	 ﾠ0.1mW	 ﾠbefore	 ﾠwarping	 ﾠthe	 ﾠfiber,	 ﾠ
and	 ﾠ output	 ﾠ power	 ﾠ was	 ﾠ then	 ﾠ evaluated	 ﾠ after	 ﾠ 	 ﾠ warping.	 ﾠ 	 ﾠ The	 ﾠ 	 ﾠ rolling-ﾭ‐unrolling	 ﾠ 	 ﾠ experiment	 ﾠ 	 ﾠ was	 ﾠ	 ﾠ
performed	 ﾠ	 ﾠ six	 ﾠ	 ﾠ times.	 ﾠ	 ﾠ During	 ﾠ	 ﾠ fiber	 ﾠwarping,	 ﾠ at	 ﾠ H1	 ﾠ we	 ﾠ measured	 ﾠ an	 ﾠ average	 ﾠ power	 ﾠ output	 ﾠ of	 ﾠ
0.113mW	 ﾠ (SD:	 ﾠ 0.008mW),	 ﾠ while	 ﾠ at	 ﾠH2	 ﾠwe	 ﾠobtained	 ﾠ0.097mW	 ﾠ(SD:	 ﾠ0.008mW).	 ﾠFor	 ﾠcomparison,	 ﾠthe	 ﾠ
same	 ﾠ evaluation	 ﾠ on	 ﾠ a	 ﾠ standard	 ﾠ core-ﾭ‐cladding	 ﾠ fiber	 ﾠ without	 ﾠ tapered	 ﾠ region	 ﾠ yielded	 ﾠ
Pout=0.100±0.002mW.	 ﾠ Warping	 ﾠ also	 ﾠ had	 ﾠ very	 ﾠ little	 ﾠ effect	 ﾠ on	 ﾠ out	 ﾠ coupling	 ﾠ angles:	 ﾠ in	 ﾠ the	 ﾠ same	 ﾠ
experiment	 ﾠwe	 ﾠfound	 ﾠthat	 ﾠthe	 ﾠoutput	 ﾠangles	 ﾠwere	 ﾠ18.70°±0.21°	 ﾠfor	 ﾠH1	 ﾠand	 ﾠ14.61°±0.04°	 ﾠfor	 ﾠH2	 ﾠfor	 ﾠthe	 ﾠ
warped	 ﾠfiber,	 ﾠcompared	 ﾠto	 ﾠ18.53°	 ﾠfor	 ﾠH1	 ﾠand	 ﾠ14.62°	 ﾠfor	 ﾠH2	 ﾠfor	 ﾠthe	 ﾠnon-ﾭ‐warped	 ﾠfiber.	 ﾠThe	 ﾠminor	 ﾠeffects	 ﾠ
of	 ﾠ fiber	 ﾠ warping	 ﾠ on	 ﾠ the	 ﾠ outcoupling	 ﾠ of	 ﾠ light	 ﾠ pave	 ﾠ the	 ﾠ way	 ﾠ for	 ﾠ application	 ﾠ of	 ﾠ MPFs	 ﾠ to	 ﾠ free-ﾭ‐moving	 ﾠ
animals.	 ﾠ
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Figure	 ﾠA.4.	 ﾠOptical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfiber	 ﾠin	 ﾠfluorescein-ﾭ‐	 ﾠstained	 ﾠcoronal	 ﾠ
brain	 ﾠslices.	 ﾠ
	 ﾠ
(A-ﾭ‐C)	 ﾠLight-ﾭ‐microscope	 ﾠimages	 ﾠof	 ﾠthe	 ﾠ2-ﾭ‐,	 ﾠ3-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐	 ﾠwindow	 ﾠdevices	 ﾠinserted	 ﾠin	 ﾠfluorescein-ﾭ‐	 ﾠstained	 ﾠmouse	 ﾠbrain	 ﾠ
slices.	 ﾠ(A1-ﾭ‐A3,B1-ﾭ‐B3,C1-ﾭ‐C3)	 ﾠFluorescence	 ﾠimages	 ﾠshowing	 ﾠthe	 ﾠtaper	 ﾠemission	 ﾠin	 ﾠfluorescein-ﾭ‐stained	 ﾠmouse	 ﾠbrain	 ﾠ
slices	 ﾠfor	 ﾠthree	 ﾠdifferent	 ﾠinput-ﾭ‐coupling	 ﾠangles.	 ﾠScale	 ﾠbars	 ﾠare	 ﾠ100μm.	 ﾠContinuous	 ﾠwhite	 ﾠlines	 ﾠwere	 ﾠadded	 ﾠto	 ﾠ
highlight	 ﾠthe	 ﾠtaper	 ﾠprofile.	 ﾠDashed	 ﾠlines	 ﾠidentify	 ﾠwhere	 ﾠthe	 ﾠintensity	 ﾠprofiles	 ﾠin	 ﾠ panels	 ﾠ A4,	 ﾠB4	 ﾠ and	 ﾠ C4	 ﾠ were	 ﾠ
measured.	 ﾠ(A4,B4,C4)	 ﾠIntensity	 ﾠprofiles	 ﾠcollected	 ﾠ100μm	 ﾠfrom	 ﾠthe	 ﾠfiber	 ﾠtaper;	 ﾠblack	 ﾠdashed	 ﾠline	 ﾠidentify	 ﾠthe	 ﾠ
position	 ﾠ of	 ﾠ taper	 ﾠ tip.	 ﾠ (D,E)	 ﾠ Iso-ﾭ‐intensity	 ﾠ photoluminescence	 ﾠ curves	 ﾠ for	 ﾠ a	 ﾠ single	 ﾠ optical	 ﾠ window	 ﾠ emitting	 ﾠ in	 ﾠ
Fluorescein:water	 ﾠsolution	 ﾠ(panel	 ﾠD)	 ﾠand	 ﾠin	 ﾠfluorescein-ﾭ‐stained	 ﾠbrain	 ﾠslices	 ﾠ(panel	 ﾠE).	 ﾠScale	 ﾠbars	 ﾠ are	 ﾠ 100μm.	 ﾠ
Dashed	 ﾠlines	 ﾠidentify	 ﾠwhere	 ﾠthe	 ﾠintensity	 ﾠprofiles	 ﾠin	 ﾠpanel	 ﾠ F	 ﾠwere	 ﾠmeasured.	 ﾠ(F)	 ﾠPhotoluminescence	 ﾠintensity	 ﾠ
decay	 ﾠcomparison	 ﾠin	 ﾠ Fluorescein:water	 ﾠsolution	 ﾠand	 ﾠbrain	 ﾠtissue	 ﾠfor	 ﾠwindows	 ﾠH1	 ﾠ measured	 ﾠalong	 ﾠthe	 ﾠwhite	 ﾠ
dashed	 ﾠlines	 ﾠin	 ﾠpanels	 ﾠD	 ﾠand	 ﾠE,	 ﾠrespectively.	 ﾠ
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Figure	 ﾠA.4.	 ﾠ(Continued):	 ﾠOptical	 ﾠproperties	 ﾠof	 ﾠthe	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfiber	 ﾠin	 ﾠfluorescein-ﾭ‐	 ﾠ
stained	 ﾠcoronal	 ﾠbrain	 ﾠslices.	 ﾠ
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A1.3.4:	 ﾠIn	 ﾠvivo	 ﾠuse	 ﾠof	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfibers	 ﾠ
	 ﾠ
To	 ﾠtest	 ﾠthe	 ﾠability	 ﾠto	 ﾠaddress	 ﾠoptical	 ﾠexcitation	 ﾠto	 ﾠdifferent	 ﾠparts	 ﾠof	 ﾠthe	 ﾠbrain	 ﾠalong	 ﾠthe	 ﾠlength	 ﾠof	 ﾠ
the	 ﾠfiber,	 ﾠwe	 ﾠcoupled	 ﾠ2-ﾭ‐	 ﾠand	 ﾠ7-ﾭ‐MPFs	 ﾠto	 ﾠa	 ﾠlinear	 ﾠarray	 ﾠof	 ﾠmicroelectrodes	 ﾠon	 ﾠa	 ﾠsilicon	 ﾠshank	 ﾠ(Neuronexus	 ﾠ
Technologies,	 ﾠInc.).	 ﾠThe	 ﾠmicrostructured	 ﾠoptical	 ﾠfiber	 ﾠwas	 ﾠfixed	 ﾠin	 ﾠparallel	 ﾠto	 ﾠthe	 ﾠshank	 ﾠof	 ﾠthe	 ﾠmulti-ﾭ‐
electrode	 ﾠ (Figure	 ﾠ A.6	 ﾠ A	 ﾠ and	 ﾠ Sup	 ﾠ Figure	 ﾠ A.S9).	 ﾠ To	 ﾠ minimize	 ﾠ light-ﾭ‐induced	 ﾠ artifacts	 ﾠ in	 ﾠ the	 ﾠ recorded	 ﾠ
electrical	 ﾠ signal	 ﾠ (due	 ﾠ to	 ﾠ the	 ﾠ Becquerel	 ﾠ photoelectric	 ﾠ effect)	 ﾠ (Cardin	 ﾠ et	 ﾠ al.,	 ﾠ 2010;	 ﾠHan	 ﾠ et	 ﾠ al.,	 ﾠ 2009),	 ﾠ
the	 ﾠ optical	 ﾠ windows	 ﾠ were	 ﾠ oriented	 ﾠ to	 ﾠ illuminate	 ﾠ the	 ﾠ region	 ﾠ immediately	 ﾠabove	 ﾠthe	 ﾠrecording	 ﾠpads.	 ﾠ
To	 ﾠensure	 ﾠthat	 ﾠapertures	 ﾠwere	 ﾠproperly	 ﾠangled,	 ﾠthe	 ﾠoptrode	 ﾠwas	 ﾠfirst	 ﾠtested	 ﾠin	 ﾠa	 ﾠphosphate	 ﾠbuffered	 ﾠ
saline	 ﾠ(PBS)	 ﾠsolution.	 ﾠPhotoelectrical	 ﾠartifacts	 ﾠwere	 ﾠnot	 ﾠdetectable	 ﾠat	 ﾠany	 ﾠlaser	 ﾠpower	 ﾠtested	 ﾠor	 ﾠany	 ﾠ
input	 ﾠcoupling	 ﾠangle,	 ﾠconfirming	 ﾠthat	 ﾠthe	 ﾠfiber	 ﾠapertures	 ﾠdid	 ﾠnot	 ﾠdirectly	 ﾠilluminate	 ﾠthe	 ﾠrecording	 ﾠpads	 ﾠ
(Sup	 ﾠFigure	 ﾠA.S10).	 ﾠFor	 ﾠcomparison,	 ﾠwe	 ﾠused	 ﾠthe	 ﾠsame	 ﾠPBS	 ﾠ bath	 ﾠ to	 ﾠ test	 ﾠ a	 ﾠcommercial	 ﾠoptrode,	 ﾠwith	 ﾠ
light	 ﾠ delivery	 ﾠ based	 ﾠ on	 ﾠ a	 ﾠ single	 ﾠ step	 ﾠ-ﾭ‐	 ﾠindex	 ﾠoptical	 ﾠ fiber	 ﾠ placed	 ﾠ just	 ﾠ above	 ﾠthe	 ﾠlast	 ﾠ recording	 ﾠ site	 ﾠ
(model	 ﾠA1x16-ﾭ‐3mm-ﾭ‐50-ﾭ‐413-ﾭ‐OA16-ﾭ‐50	 ﾠfrom	 ﾠNeuronexus	 ﾠTechnologies,	 ﾠInc.).	 ﾠLight-ﾭ‐induced	 ﾠartifacts	 ﾠwere	 ﾠ
observed	 ﾠduring	 ﾠboth	 ﾠOFF-ﾭ‐ON	 ﾠand	 ﾠON-ﾭ‐OFF	 ﾠlight	 ﾠtransitions	 ﾠat	 ﾠlaser	 ﾠpowers	 ﾠPFC≥33.9mW	 ﾠat	 ﾠthe	 ﾠoptical	 ﾠ
fiber	 ﾠinput	 ﾠ(Sup	 ﾠFigure	 ﾠA.S10).	 ﾠ	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Figure	 ﾠA.5.	 ﾠTwo-ﾭ‐color	 ﾠemission	 ﾠand	 ﾠproof-ﾭ‐of-ﾭ‐principle	 ﾠfor	 ﾠuse	 ﾠof	 ﾠdevice	 ﾠwith	 ﾠfreely	 ﾠbehaving	 ﾠanimals.	 ﾠ
	 ﾠ
(A)	 ﾠOptical	 ﾠ setup	 ﾠ used	 ﾠ to	 ﾠ couple	 ﾠtwo	 ﾠ different	 ﾠ light	 ﾠ beams	 ﾠinto	 ﾠ the	 ﾠoptical	 ﾠ fiber,	 ﾠwith	 ﾠ input	 ﾠcoupling	 ﾠangles	 ﾠ
θB	 ﾠ and	 ﾠ θY	 ﾠ for	 ﾠ blue	 ﾠ and	 ﾠ yellow	 ﾠ lasers,	 ﾠ respectively.	 ﾠ (B)	 ﾠ Fluorescence	 ﾠ image	 ﾠ of	 ﾠ a	 ﾠ 2-ﾭ‐MPF	 ﾠ immersed	 ﾠ in	 ﾠ a	 ﾠ
Fluorescein:TexasRed:water	 ﾠsolution	 ﾠfor	 ﾠθB~8°	 ﾠand	 ﾠθY~12.5°.	 ﾠThe	 ﾠblue	 ﾠlight	 ﾠexcites	 ﾠonly	 ﾠfluorescein,	 ﾠwhich	 ﾠemits	 ﾠ
at	 ﾠgreen	 ﾠwavelengths.	 ﾠThe	 ﾠyellow	 ﾠlight	 ﾠexcites	 ﾠonly	 ﾠTexasRed,	 ﾠemitting	 ﾠin	 ﾠthe	 ﾠred.	 ﾠ(C)	 ﾠFluorescence	 ﾠimage	 ﾠof	 ﾠa	 ﾠ2-ﾭ‐
MPF	 ﾠimmersed	 ﾠin	 ﾠa	 ﾠFluorescein:TexasRed:water	 ﾠsolution	 ﾠfor	 ﾠθB~12.5°	 ﾠand	 ﾠθY~12.5°.	 ﾠThe	 ﾠsuperposition	 ﾠbetween	 ﾠ
green	 ﾠfluorescein	 ﾠluminescence	 ﾠand	 ﾠred	 ﾠTexasRed	 ﾠluminescence	 ﾠresulted	 ﾠin	 ﾠbrown	 ﾠcolor	 ﾠat	 ﾠthe	 ﾠCCD	 ﾠcamera.	 ﾠ(D)	 ﾠ
Schematic	 ﾠ representation	 ﾠ of	 ﾠ the	 ﾠ setup	 ﾠ used	 ﾠ to	 ﾠ test	 ﾠ MPF	 ﾠ with	 ﾠ warped	 ﾠ fiber	 ﾠ and	 ﾠ extension	 ﾠ cords.	 ﾠ (E-ﾭ‐H)	 ﾠ
Fluorescence	 ﾠimages	 ﾠshowing	 ﾠthe	 ﾠtaper	 ﾠemission	 ﾠfor	 ﾠthe	 ﾠconfiguration	 ﾠrepresented	 ﾠin	 ﾠpanel	 ﾠD	 ﾠbefore	 ﾠ(panels	 ﾠE	 ﾠ
and	 ﾠF)	 ﾠand	 ﾠafter	 ﾠ(panels	 ﾠG	 ﾠand	 ﾠH)	 ﾠwarping	 ﾠthe	 ﾠfiber,	 ﾠat	 ﾠtwo	 ﾠ different	 ﾠ θ.	 ﾠ The	 ﾠ fiber	 ﾠ was	 ﾠ rolled	 ﾠ twice	 ﾠ with	 ﾠ a	 ﾠ
curvature	 ﾠ radius	 ﾠ of	 ﾠ 4.5cm.	 ﾠ Scale	 ﾠ bars	 ﾠ are	 ﾠ100μm.	 ﾠContinuous	 ﾠwhite	 ﾠlines	 ﾠwere	 ﾠadded	 ﾠto	 ﾠhighlight	 ﾠthe	 ﾠtaper	 ﾠ
profile.	 ﾠ Dashed	 ﾠ line	 ﾠ in	 ﾠ panel	 ﾠE	 ﾠ identify	 ﾠ where	 ﾠ the	 ﾠ intensity	 ﾠ profiles	 ﾠ in	 ﾠ panel	 ﾠ I	 ﾠ were	 ﾠ measured.	 ﾠ (I)	 ﾠ Intensity	 ﾠ
profiles	 ﾠbefore	 ﾠ(black)	 ﾠand	 ﾠafter	 ﾠ(red)	 ﾠwarping	 ﾠthe	 ﾠfiber	 ﾠmeasured	 ﾠalong	 ﾠthe	 ﾠwhite	 ﾠdashed	 ﾠline	 ﾠin	 ﾠpanel	 ﾠE.	 ﾠ
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Figure	 ﾠA.6.	 ﾠProof	 ﾠof	 ﾠPrinciple	 ﾠActivation	 ﾠof	 ﾠseparate	 ﾠgroups	 ﾠof	 ﾠunits	 ﾠwith	 ﾠa	 ﾠstationary	 ﾠprobe.	 ﾠ
	 ﾠ(A)	 ﾠLight-ﾭ‐microscope	 ﾠimage	 ﾠof	 ﾠthe	 ﾠstructured	 ﾠoptical	 ﾠfiber	 ﾠfixed	 ﾠbeside	 ﾠa	 ﾠlinear	 ﾠarray	 ﾠof	 ﾠelectrodes	 ﾠdesigned	 ﾠfor	 ﾠ
extracellular	 ﾠrecording.	 ﾠOptical	 ﾠwindows	 ﾠon	 ﾠthe	 ﾠtapered	 ﾠfiber	 ﾠwere	 ﾠoriented	 ﾠto	 ﾠshine	 ﾠlight	 ﾠin	 ﾠthe	 ﾠregion	 ﾠjust	 ﾠ
above	 ﾠthe	 ﾠrecording	 ﾠpads.	 ﾠ(B)	 ﾠOverlay	 ﾠof	 ﾠsample	 ﾠspikes	 ﾠrecorded	 ﾠ at	 ﾠ Ch3	 ﾠ with	 ﾠ θ=3°.	 ﾠ Blue	 ﾠ curves	 ﾠ are	 ﾠ 1641	 ﾠ
spikes	 ﾠ recorded	 ﾠ during	 ﾠ light	 ﾠ ON	 ﾠ periods,	 ﾠwhile	 ﾠblack	 ﾠlines	 ﾠare	 ﾠ146	 ﾠspontaneous	 ﾠspikes	 ﾠrecorded	 ﾠduring	 ﾠlight	 ﾠ
OFF	 ﾠ periods.	 ﾠ (C)	 ﾠ In	 ﾠvivo	 ﾠexperiments	 ﾠinto	 ﾠstriatum	 ﾠusing	 ﾠa	 ﾠ7-ﾭ‐MPF.	 ﾠ(D)	 ﾠSchematic	 ﾠrepresentation	 ﾠof	 ﾠthe	 ﾠin	 ﾠvivo	 ﾠ
experiment	 ﾠcarried	 ﾠout	 ﾠin	 ﾠmotor	 ﾠcortex.	 ﾠ(E)	 ﾠRepresentative	 ﾠspiking	 ﾠrate	 ﾠhistograms	 ﾠrecorded	 ﾠfrom	 ﾠsingle	 ﾠunits	 ﾠ
when	 ﾠlight	 ﾠwas	 ﾠswitched	 ﾠfrom	 ﾠOFF	 ﾠto	 ﾠH1	 ﾠand	 ﾠfrom	 ﾠOFF	 ﾠto	 ﾠH2.	 ﾠ(F)	 ﾠSummary	 ﾠof	 ﾠthe	 ﾠunits	 ﾠrecorded	 ﾠduring	 ﾠin	 ﾠvivo	 ﾠ
experiments	 ﾠin	 ﾠmotor	 ﾠcortex	 ﾠand	 ﾠtheir	 ﾠsensitivity	 ﾠto	 ﾠlight	 ﾠoutcolupled	 ﾠform	 ﾠH1	 ﾠand/or	 ﾠH2.	 ﾠ
	 ﾠ
We	 ﾠtested	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠcombined	 ﾠtapered	 ﾠfiber-ﾭ‐multielectrode	 ﾠassembly	 ﾠwith	 ﾠin	 ﾠvivo	 ﾠ
recordings	 ﾠin	 ﾠthe	 ﾠbrains	 ﾠof	 ﾠawake,	 ﾠhead-ﾭ‐restrained	 ﾠtransgenic	 ﾠmice.	 ﾠPFC	 ﾠ was	 ﾠtuned	 ﾠin	 ﾠorder	 ﾠto	 ﾠhave	 ﾠ
~0.1mW	 ﾠ at	 ﾠ the	 ﾠselected	 ﾠ stimulation	 ﾠ site.	 ﾠ To	 ﾠ confirm	 ﾠ selective	 ﾠactivation	 ﾠ of	 ﾠ spatially	 ﾠseparate	 ﾠ cells,	 ﾠ
Channelrhodopsin	 ﾠ2	 ﾠ(Chr2)	 ﾠwas	 ﾠexpressed	 ﾠin	 ﾠstriatal	 ﾠspiny	 ﾠprojection	 ﾠneurons	 ﾠof	 ﾠthe	 ﾠindirect	 ﾠpathway	 ﾠ
(iSPNs),	 ﾠand	 ﾠan	 ﾠoptrode	 ﾠbased	 ﾠon	 ﾠ7-ﾭ‐MPF	 ﾠwas	 ﾠused	 ﾠto	 ﾠelicit	 ﾠneural	 ﾠactivity.	 ﾠ
As	 ﾠa	 ﾠbrief	 ﾠaside,	 ﾠI	 ﾠwould	 ﾠlike	 ﾠto	 ﾠcongratulate	 ﾠus	 ﾠboth	 ﾠon	 ﾠhaving	 ﾠmade	 ﾠit	 ﾠto	 ﾠpage	 ﾠ100,	 ﾠeven	 ﾠpage	 ﾠ
102	 ﾠas	 ﾠit	 ﾠwere.	 ﾠFor	 ﾠthose	 ﾠof	 ﾠyou	 ﾠwho	 ﾠhave	 ﾠbeen	 ﾠreading	 ﾠsince	 ﾠthe	 ﾠbeginning	 ﾠit	 ﾠhas	 ﾠbeen	 ﾠa	 ﾠlong	 ﾠroad,	 ﾠand	 ﾠ
for	 ﾠthose	 ﾠof	 ﾠyou	 ﾠjust	 ﾠjoining	 ﾠnow,	 ﾠwelcome.	 ﾠ	 ﾠI	 ﾠhope	 ﾠyou	 ﾠfind	 ﾠthe	 ﾠremaining	 ﾠsections	 ﾠenjoyable,	 ﾠI	 ﾠcan’t	 ﾠ
claim	 ﾠto	 ﾠhave	 ﾠenjoyed	 ﾠwriting	 ﾠthem,	 ﾠbut	 ﾠI	 ﾠsuppose	 ﾠthis	 ﾠis	 ﾠpart	 ﾠof	 ﾠthe	 ﾠcharm	 ﾠof	 ﾠthe	 ﾠPhD.	 ﾠ	 ﾠAnd	 ﾠto	 ﾠbe	 ﾠfair	 ﾠI	 ﾠ
honestly	 ﾠdid	 ﾠenjoy	 ﾠdoing	 ﾠthe	 ﾠwork.	 ﾠAnyways,	 ﾠwe	 ﾠshould	 ﾠget	 ﾠback	 ﾠto	 ﾠwhat	 ﾠwe	 ﾠwere	 ﾠdoing,	 ﾠquick	 ﾠsay	 ﾠ
something	 ﾠsciency	 ﾠso	 ﾠit	 ﾠsounds	 ﾠlike	 ﾠwe	 ﾠwere	 ﾠworking:	 ﾠneural	 ﾠcontributions	 ﾠto	 ﾠthe	 ﾠexcitatory	 ﾠlayer.	 ﾠ	 ﾠ
The	 ﾠtapered-ﾭ‐fiber	 ﾠoptrode	 ﾠwas	 ﾠinserted	 ﾠinto	 ﾠthe	 ﾠmouse	 ﾠbrain	 ﾠthrough	 ﾠa	 ﾠcraniotomy,	 ﾠand	 ﾠneural	 ﾠ
activity	 ﾠ was	 ﾠ recorded	 ﾠ at	 ﾠ the	 ﾠ multiple	 ﾠ electrode	 ﾠ contacts.	 ﾠ Once	 ﾠ the	 ﾠ device	 ﾠ was	 ﾠ inserted	 ﾠ into	 ﾠ the	 ﾠ	 ﾠ
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striatum	 ﾠto	 ﾠa	 ﾠtip	 ﾠdepth	 ﾠ>1500µm,	 ﾠthe	 ﾠoptrode	 ﾠwas	 ﾠimmobilized	 ﾠand	 ﾠleft	 ﾠin	 ﾠa	 ﾠsteady	 ﾠposition	 ﾠfor	 ﾠabout	 ﾠ
10	 ﾠminutes	 ﾠto	 ﾠlet	 ﾠthe	 ﾠtissue	 ﾠsettle.	 ﾠIn	 ﾠcontrast	 ﾠto	 ﾠrecordings	 ﾠin	 ﾠPBS,	 ﾠphotoelectric	 ﾠeffects	 ﾠwere	 ﾠobserved	 ﾠ
at	 ﾠthe	 ﾠonset	 ﾠlight	 ﾠpulses	 ﾠin	 ﾠsome	 ﾠrecordings	 ﾠ(Sup	 ﾠFigure	 ﾠA.S11	 ﾠand	 ﾠA.S12),	 ﾠpossibly	 ﾠdue	 ﾠto	 ﾠscattering	 ﾠof	 ﾠ
light	 ﾠ onto	 ﾠ the	 ﾠ recording	 ﾠ pads	 ﾠ by	 ﾠ brain	 ﾠ tissue.	 ﾠ Although	 ﾠ some	 ﾠ neuronal	 ﾠ spikes	 ﾠ could	 ﾠ have	 ﾠ been	 ﾠ
obscured	 ﾠ by	 ﾠ brief	 ﾠ photoelectric	 ﾠ effects	 ﾠ at	 ﾠ the	 ﾠ light	 ﾠ transitions,	 ﾠ single	 ﾠ units	 ﾠcould	 ﾠbe	 ﾠidentified	 ﾠand	 ﾠ
clustered	 ﾠby	 ﾠprinciple	 ﾠcomponent	 ﾠanalysis.	 ﾠEvoked	 ﾠspike	 ﾠwaveforms	 ﾠwere	 ﾠunchanged	 ﾠduring	 ﾠthe	 ﾠlaser	 ﾠ
ON	 ﾠ and	 ﾠ OFF	 ﾠ periods	 ﾠ (Figure	 ﾠ A.6B),	 ﾠ indicating	 ﾠ that	 ﾠ the	 ﾠ same	 ﾠunit	 ﾠwas	 ﾠobserved	 ﾠ in	 ﾠ both	 ﾠ conditions.	 ﾠ
Because	 ﾠChR2	 ﾠis	 ﾠrestricted	 ﾠto	 ﾠiSPNs,	 ﾠwhich	 ﾠare	 ﾠGABAergic,	 ﾠall	 ﾠfast	 ﾠexcitation	 ﾠmust	 ﾠbe	 ﾠvia	 ﾠdirect	 ﾠChR2	 ﾠ
excitation.	 ﾠAny	 ﾠsynaptic	 ﾠexcitation	 ﾠwould	 ﾠhave	 ﾠto	 ﾠbe	 ﾠat	 ﾠleast	 ﾠdisynaptic,	 ﾠacting	 ﾠvia	 ﾠdisinhibition,	 ﾠand	 ﾠ
would	 ﾠappear	 ﾠdelayed.	 ﾠThus	 ﾠa	 ﾠfast,	 ﾠsustained	 ﾠincrease	 ﾠ	 ﾠin	 ﾠ	 ﾠneuronal	 ﾠ	 ﾠfiring	 ﾠ	 ﾠduring	 ﾠ	 ﾠillumination	 ﾠ	 ﾠof	 ﾠ	 ﾠthe	 ﾠ	 ﾠ
GABAergic	 ﾠ	 ﾠiSPNs	 ﾠ	 ﾠwas	 ﾠ	 ﾠconsidered	 ﾠevidence	 ﾠof	 ﾠa	 ﾠdirectly	 ﾠactivated	 ﾠcell.	 ﾠ
During	 ﾠperiods	 ﾠof	 ﾠinactivity	 ﾠiSPNs	 ﾠfire	 ﾠinfrequently,	 ﾠfacilitating	 ﾠidentification	 ﾠof	 ﾠdirectly	 ﾠactivated	 ﾠ	 ﾠ
ChR2-ﾭ‐expressing	 ﾠ	 ﾠneurons.	 ﾠ Isolated	 ﾠsingle	 ﾠ units	 ﾠ were	 ﾠ observed	 ﾠ	 ﾠon	 ﾠ four	 ﾠ	 ﾠrecording	 ﾠsites,	 ﾠlocated	 ﾠ50	 ﾠ
µm,	 ﾠ100µm,	 ﾠ200µm	 ﾠand	 ﾠ450µm	 ﾠproximal	 ﾠto	 ﾠthe	 ﾠmultielectrode	 ﾠtip,	 ﾠand	 ﾠwere	 ﾠselected	 ﾠto	 ﾠevaluate	 ﾠthe	 ﾠ
performance	 ﾠof	 ﾠthe	 ﾠdevice;	 ﾠthe	 ﾠsites	 ﾠare	 ﾠhereafter	 ﾠreferred	 ﾠas	 ﾠ Ch1,	 ﾠCh2,	 ﾠCh3	 ﾠ and	 ﾠ Ch4,	 ﾠ respectively	 ﾠ
(Figure	 ﾠ A.6	 ﾠ C).	 ﾠ Consistent	 ﾠ with	 ﾠ previous	 ﾠ reports	 ﾠ (Kravitz	 ﾠ et	 ﾠ al.,	 ﾠ 2013),	 ﾠbaseline	 ﾠ firing	 ﾠ rates	 ﾠ on	 ﾠ all	 ﾠ
channels	 ﾠwere	 ﾠlow	 ﾠ(0.8	 ﾠto	 ﾠ6.6	 ﾠHz)	 ﾠbut	 ﾠcould	 ﾠbe	 ﾠmodulated	 ﾠrobustly	 ﾠby	 ﾠilluminating	 ﾠwith	 ﾠ473nm	 ﾠlight.	 ﾠ
For	 ﾠsmall	 ﾠinput	 ﾠcoupling	 ﾠangles	 ﾠ(θ~3°),	 ﾠoptically	 ﾠstimulated	 ﾠneuronal	 ﾠactivity	 ﾠwas	 ﾠdetected	 ﾠ at	 ﾠCh1	 ﾠand	 ﾠ
Ch2,	 ﾠwith	 ﾠ firing	 ﾠ rates	 ﾠ increasing	 ﾠ more	 ﾠ than	 ﾠ 10x	 ﾠ at	 ﾠeach	 ﾠchannel	 ﾠ(P<0.05;	 ﾠt-ﾭ‐test	 ﾠon	 ﾠthe	 ﾠtrial-ﾭ‐by-ﾭ‐trial	 ﾠ
firing	 ﾠrates).	 ﾠIn	 ﾠcontrast,	 ﾠnegligible	 ﾠmodulation	 ﾠof	 ﾠneuronal	 ﾠ firing	 ﾠwas	 ﾠdetected	 ﾠat	 ﾠthe	 ﾠother	 ﾠchannels	 ﾠ
(2.6x	 ﾠ and	 ﾠ 0.58x	 ﾠ changes	 ﾠ in	 ﾠ firing	 ﾠ rate;	 ﾠP>0.1).	 ﾠWith	 ﾠa	 ﾠcoupling	 ﾠangle	 ﾠof	 ﾠ~8°,	 ﾠlight-ﾭ‐induced	 ﾠneuronal	 ﾠ
modulation	 ﾠwas	 ﾠweak	 ﾠor	 ﾠabsent	 ﾠat	 ﾠCh1	 ﾠ (0.7	 ﾠ fold	 ﾠ increase;	 ﾠ P>0.1)	 ﾠ and	 ﾠ Ch2	 ﾠ (3.4x	 ﾠ increase;	 ﾠ P<0.05),	 ﾠ
but	 ﾠ was	 ﾠrobust	 ﾠ at	 ﾠ Ch3	 ﾠ(11x	 ﾠincrease;	 ﾠP<0.05)	 ﾠ(Figure	 ﾠA.6C).	 ﾠ	 ﾠ
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In	 ﾠ contrast	 ﾠ to	 ﾠ the	 ﾠunlayered	 ﾠ structure	 ﾠof	 ﾠ the	 ﾠstriatum,	 ﾠ cerebral	 ﾠ cortex	 ﾠ provides	 ﾠ a	 ﾠ naturally	 ﾠ
laminated	 ﾠstructure	 ﾠin	 ﾠwhich	 ﾠthe	 ﾠability	 ﾠto	 ﾠsteer	 ﾠlight	 ﾠthrough	 ﾠdifferent	 ﾠwindows	 ﾠpermits	 ﾠthe	 ﾠactivation	 ﾠ
of	 ﾠ functionally	 ﾠdistinct	 ﾠ cell	 ﾠ classes.	 ﾠ We	 ﾠ exploited	 ﾠ this	 ﾠ property	 ﾠ to	 ﾠ ask	 ﾠ if	 ﾠ the	 ﾠmodulation	 ﾠ of	 ﾠ cortical	 ﾠ
neurons	 ﾠ by	 ﾠ local	 ﾠ GABAergic	 ﾠ interneurons	 ﾠ depends	 ﾠ on	 ﾠ the	 ﾠ depth	 ﾠ of	 ﾠ the	 ﾠinterneuron.	 ﾠWe	 ﾠused	 ﾠthe	 ﾠ
VGAT-ﾭ‐ChR2	 ﾠ mouse	 ﾠ line,	 ﾠ in	 ﾠ which	 ﾠ ChR2	 ﾠ is	 ﾠ expressed	 ﾠ in	 ﾠ all	 ﾠ inhibitory	 ﾠ interneurons.	 ﾠ 2-ﾭ‐MPF-ﾭ‐based	 ﾠ
optrodes	 ﾠwere	 ﾠused	 ﾠto	 ﾠactivate	 ﾠinhibitory	 ﾠneurons	 ﾠin	 ﾠdeep	 ﾠor	 ﾠshallow	 ﾠ	 ﾠlayers	 ﾠ	 ﾠof	 ﾠ	 ﾠmouse	 ﾠ	 ﾠprimary	 ﾠ	 ﾠmotor	 ﾠ	 ﾠ
cortex	 ﾠ	 ﾠwhile	 ﾠ	 ﾠmeasuring	 ﾠ	 ﾠthe	 ﾠ	 ﾠeffects	 ﾠ	 ﾠon	 ﾠ	 ﾠactivity	 ﾠ	 ﾠof	 ﾠcortical	 ﾠneurons	 ﾠ(Figure	 ﾠA.6D).	 ﾠThe	 ﾠlight	 ﾠstimulus	 ﾠ
was	 ﾠeither	 ﾠdelivered	 ﾠsuperficially	 ﾠ(125µm	 ﾠabove	 ﾠ top	 ﾠ recording	 ﾠ site,	 ﾠ <200µm	 ﾠ below	 ﾠ the	 ﾠ pial	 ﾠ surface)	 ﾠ
via	 ﾠ “H2”	 ﾠ or	 ﾠ deep	 ﾠ (between	 ﾠ the	 ﾠ 2nd	 ﾠand	 ﾠ 3rd	 ﾠ recording	 ﾠ site,	 ﾠ800-ﾭ‐1000µm	 ﾠ below	 ﾠ surface)	 ﾠvia	 ﾠ“H1”	 ﾠ
(Figure	 ﾠA.6F).	 ﾠ
Most	 ﾠactivity	 ﾠwas	 ﾠdetected	 ﾠin	 ﾠdeeper	 ﾠlayers,	 ﾠconsistent	 ﾠwith	 ﾠa	 ﾠbias	 ﾠtowards	 ﾠlarge	 ﾠpyramidal	 ﾠcell	 ﾠ
recordings	 ﾠin	 ﾠmotor	 ﾠcortex.	 ﾠIllumination	 ﾠfrom	 ﾠeach	 ﾠwindow	 ﾠwas	 ﾠcalibrated	 ﾠto	 ﾠdeliver	 ﾠ0.1mW	 ﾠof	 ﾠlight.	 ﾠ	 ﾠ
More	 ﾠthan	 ﾠ100	 ﾠpulses	 ﾠof	 ﾠlight	 ﾠ(1-ﾭ‐10s	 ﾠin	 ﾠduration)	 ﾠwere	 ﾠdelivered	 ﾠat	 ﾠthe	 ﾠH1	 ﾠand	 ﾠH2	 ﾠwindows.	 ﾠA	 ﾠunit	 ﾠwas	 ﾠ
considered	 ﾠ modulated	 ﾠ by	 ﾠ a	 ﾠgiven	 ﾠ window	 ﾠ if	 ﾠ the	 ﾠfiring	 ﾠ rate	 ﾠ in	 ﾠ the	 ﾠfirst	 ﾠ200ms	 ﾠafter	 ﾠillumination	 ﾠwas	 ﾠ
significantly	 ﾠ different	 ﾠ from	 ﾠ a	 ﾠ 1.5s	 ﾠ baseline	 ﾠ period	 ﾠ (p<0.05,	 ﾠ T-ﾭ‐	 ﾠ Test).	 ﾠ Across	 ﾠ 5	 ﾠ recordings	 ﾠ from	 ﾠ 2	 ﾠ
animals,	 ﾠ61	 ﾠunits	 ﾠwere	 ﾠrecorded,	 ﾠ32	 ﾠof	 ﾠwhich	 ﾠwere	 ﾠstably	 ﾠisolated	 ﾠacross	 ﾠthe	 ﾠentire	 ﾠrecording	 ﾠsession	 ﾠ
(representative	 ﾠresponses	 ﾠare	 ﾠdisplayed	 ﾠin	 ﾠFigure	 ﾠA.6E).	 ﾠ
Of	 ﾠthe	 ﾠ32	 ﾠstably	 ﾠisolated	 ﾠunits,	 ﾠ13	 ﾠunits	 ﾠwere	 ﾠnot	 ﾠinhibited	 ﾠat	 ﾠall,	 ﾠand	 ﾠone	 ﾠunit	 ﾠwas	 ﾠexcited	 ﾠby	 ﾠ
H1	 ﾠ	 ﾠbut	 ﾠ	 ﾠnot	 ﾠ	 ﾠH2,	 ﾠ	 ﾠpresumably	 ﾠ	 ﾠreflecting	 ﾠ	 ﾠdirect	 ﾠ	 ﾠexcitation	 ﾠ	 ﾠof	 ﾠ	 ﾠa	 ﾠ	 ﾠChR2-ﾭ‐expressing	 ﾠ	 ﾠinterneuron	 ﾠlocated	 ﾠ
near	 ﾠ H1.	 ﾠ The	 ﾠ remaining	 ﾠ 18	 ﾠ units	 ﾠ were	 ﾠ inhibited,	 ﾠ presumably	 ﾠ through	 ﾠ excitation	 ﾠ of	 ﾠ GABAergic	 ﾠ
interneurons.	 ﾠFive	 ﾠunits	 ﾠwere	 ﾠinhibited	 ﾠby	 ﾠlight	 ﾠdelivered	 ﾠthrough	 ﾠeither	 ﾠwindow,	 ﾠand	 ﾠ	 ﾠ9	 ﾠ	 ﾠunits	 ﾠ were	 ﾠ	 ﾠ
inhibited	 ﾠ	 ﾠonly	 ﾠ by	 ﾠ	 ﾠlight	 ﾠ delivered	 ﾠ	 ﾠfrom	 ﾠ	 ﾠH1	 ﾠ	 ﾠand	 ﾠ	 ﾠnot	 ﾠ	 ﾠH2.	 ﾠ Four	 ﾠunits	 ﾠ were	 ﾠinhibited	 ﾠby	 ﾠlight	 ﾠfrom	 ﾠH2	 ﾠ
and	 ﾠ not	 ﾠ H1,	 ﾠ even	 ﾠ though	 ﾠ those	 ﾠ units	 ﾠ were	 ﾠ located	 ﾠ in	 ﾠ deep	 ﾠ cortical	 ﾠlayers	 ﾠnear	 ﾠH1,	 ﾠwhile	 ﾠH2	 ﾠwas	 ﾠ
located	 ﾠ in	 ﾠ superficial	 ﾠ cortical	 ﾠlayers	 ﾠ (Figure	 ﾠA.6E	 ﾠ &	 ﾠF,	 ﾠand	 ﾠ see	 ﾠSupplemental	 ﾠ Figure	 ﾠ A.S13	 ﾠ for	 ﾠ the	 ﾠ	 ﾠ
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specific	 ﾠ changes	 ﾠ in	 ﾠ spike	 ﾠ rates).	 ﾠ Moreover,	 ﾠ units	 ﾠ selectively	 ﾠinhibited	 ﾠ by	 ﾠ light	 ﾠ delivered	 ﾠ through	 ﾠ H1	 ﾠ
were	 ﾠ found	 ﾠ on	 ﾠ the	 ﾠ same	 ﾠ recording	 ﾠ channel	 ﾠ as	 ﾠ those	 ﾠinhibited	 ﾠ selectively	 ﾠ by	 ﾠ H2.	 ﾠ Although	 ﾠ these	 ﾠ
experiments	 ﾠwere	 ﾠintended	 ﾠto	 ﾠvalidate	 ﾠthe	 ﾠin	 ﾠvivo	 ﾠapplication	 ﾠ of	 ﾠMPFs	 ﾠin	 ﾠ layered	 ﾠ brain	 ﾠ regions,	 ﾠ the	 ﾠ
data	 ﾠ suggest	 ﾠ that	 ﾠ local	 ﾠ inhibitory	 ﾠ projections	 ﾠin	 ﾠ cortex	 ﾠ are	 ﾠ not	 ﾠ universally	 ﾠ one-ﾭ‐to-ﾭ‐all.	 ﾠ Rather,	 ﾠsome	 ﾠ
neurons	 ﾠreceive	 ﾠinhibitory	 ﾠinput	 ﾠthat	 ﾠis	 ﾠmore	 ﾠspatially	 ﾠdefined,	 ﾠsuch	 ﾠas	 ﾠthe	 ﾠdeep-ﾭ‐layer	 ﾠunits	 ﾠin	 ﾠour	 ﾠstudy	 ﾠ
that	 ﾠonly	 ﾠreceived	 ﾠinhibitory	 ﾠinput	 ﾠfrom	 ﾠsuperficial	 ﾠlayers.	 ﾠWhile	 ﾠmore	 ﾠexperiments	 ﾠwill	 ﾠbe	 ﾠneeded	 ﾠto	 ﾠ
test	 ﾠ this	 ﾠ hypothesis	 ﾠdefinitively,	 ﾠthe	 ﾠexperiment	 ﾠillustrates	 ﾠthe	 ﾠgeneral	 ﾠutility	 ﾠof	 ﾠusing	 ﾠthe	 ﾠmultipoint	 ﾠ
emitting	 ﾠfibers	 ﾠin	 ﾠ parallel	 ﾠ with	 ﾠ electrophysiological	 ﾠ recording	 ﾠ to	 ﾠ reveal	 ﾠ novel	 ﾠ aspects	 ﾠ of	 ﾠ local	 ﾠ brain	 ﾠ
circuits:	 ﾠthe	 ﾠexperiment	 ﾠwould	 ﾠnot	 ﾠhave	 ﾠbeen	 ﾠpossible	 ﾠ without	 ﾠspatially	 ﾠprecise	 ﾠlight	 ﾠstimulation	 ﾠ of	 ﾠ
multiple	 ﾠlocations	 ﾠin	 ﾠcortex.	 ﾠ
	 ﾠ
A1.4:	 ﾠDISCUSSION	 ﾠ
	 ﾠ
Here	 ﾠwe	 ﾠdemonstrate	 ﾠa	 ﾠnovel,	 ﾠfiber-ﾭ‐optic	 ﾠbased	 ﾠapproach	 ﾠby	 ﾠwhich	 ﾠlight	 ﾠcan	 ﾠbe	 ﾠdelivered	 ﾠinto	 ﾠ
the	 ﾠbrain	 ﾠ via	 ﾠmultiple	 ﾠports	 ﾠin	 ﾠ a	 ﾠuser-ﾭ‐selectable	 ﾠmanner.	 ﾠ The	 ﾠadvantages	 ﾠof	 ﾠ this	 ﾠapproach	 ﾠ are	 ﾠthat	 ﾠ
multiple	 ﾠ regions	 ﾠof	 ﾠ the	 ﾠ brain	 ﾠ can	 ﾠ be	 ﾠ stimulated	 ﾠ via	 ﾠ a	 ﾠ single	 ﾠ fiber,	 ﾠ the	 ﾠ light-ﾭ‐delivery	 ﾠ device	 ﾠis	 ﾠeasily	 ﾠ
adapted	 ﾠfor	 ﾠuse	 ﾠwith	 ﾠ“optrodes”,	 ﾠand	 ﾠthat	 ﾠmultiple	 ﾠwavelengths	 ﾠof	 ﾠlight	 ﾠcan	 ﾠbe	 ﾠindependently	 ﾠdelivered	 ﾠ
via	 ﾠa	 ﾠsingle	 ﾠfiber.	 ﾠ
	 ﾠ
A1.4.1:	 ﾠIn	 ﾠvivo	 ﾠvalidation	 ﾠ
	 ﾠ
We	 ﾠdemonstrated	 ﾠthe	 ﾠutility	 ﾠand	 ﾠselectivity	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠin	 ﾠvivo	 ﾠby	 ﾠoptogenetic	 ﾠactivation	 ﾠof	 ﾠ
distinct	 ﾠpopulations	 ﾠof	 ﾠneurons	 ﾠvia	 ﾠmultiple	 ﾠoptical	 ﾠwindows	 ﾠon	 ﾠa	 ﾠsingle	 ﾠfiber.	 ﾠWithin	 ﾠthe	 ﾠstriatum,	 ﾠwe	 ﾠ
separately	 ﾠactivated	 ﾠdifferent	 ﾠpopulations	 ﾠof	 ﾠneurons	 ﾠalong	 ﾠthe	 ﾠlength	 ﾠof	 ﾠthe	 ﾠfiber	 ﾠby	 ﾠ	 ﾠonly	 ﾠ	 ﾠchanging	 ﾠ	 ﾠ	 ﾠ
	 ﾠ 106	 ﾠ
the	 ﾠ	 ﾠinput	 ﾠ	 ﾠangle	 ﾠ	 ﾠof	 ﾠ	 ﾠthe	 ﾠ	 ﾠChR2-ﾭ‐activating	 ﾠ	 ﾠlight	 ﾠ	 ﾠto	 ﾠ	 ﾠthe	 ﾠ	 ﾠfiber.	 ﾠ	 ﾠWe	 ﾠ	 ﾠchose	 ﾠ	 ﾠthe	 ﾠstriatum	 ﾠ to	 ﾠ test	 ﾠ the	 ﾠ
spatial	 ﾠselectivity	 ﾠof	 ﾠthe	 ﾠMPFs,	 ﾠbecause	 ﾠthe	 ﾠbaseline	 ﾠfiring	 ﾠrate	 ﾠof	 ﾠstriatal	 ﾠspiny	 ﾠprojection	 ﾠneurons	 ﾠis	 ﾠ
low,	 ﾠallowing	 ﾠeasy	 ﾠidentification	 ﾠof	 ﾠ activated	 ﾠChR2-ﾭ‐expressing	 ﾠneurons.	 ﾠFurthermore,	 ﾠsince	 ﾠSPNs	 ﾠare	 ﾠ
inhibitory	 ﾠthere	 ﾠis	 ﾠno	 ﾠpossibility	 ﾠof	 ﾠintra-ﾭ‐striatal	 ﾠpolysynaptic	 ﾠexcitation	 ﾠof	 ﾠnon-ﾭ‐ChR2	 ﾠexpressing	 ﾠneurons.	 ﾠ
We	 ﾠalso	 ﾠdemonstrated	 ﾠthe	 ﾠutility	 ﾠof	 ﾠthe	 ﾠdevice	 ﾠfor	 ﾠanalyzing	 ﾠcortical	 ﾠmicrocircuits.	 ﾠ	 ﾠ Inhibition	 ﾠ
in	 ﾠ cortex	 ﾠ is	 ﾠ critical	 ﾠ for	 ﾠ sensory	 ﾠ and	 ﾠ motor	 ﾠ processing	 ﾠ (Isaacson	 ﾠ and	 ﾠ Scanziani,	 ﾠ 2011),	 ﾠ yet	 ﾠ the	 ﾠ
organization	 ﾠ of	 ﾠ inhibitory	 ﾠ cortical	 ﾠ microcircuits	 ﾠ is	 ﾠ unclear.	 ﾠ There	 ﾠ is	 ﾠ both	 ﾠ evidence	 ﾠ that	 ﾠ inhibitory	 ﾠ
neurons	 ﾠ non-ﾭ‐specifically	 ﾠ interact	 ﾠ with	 ﾠ all	 ﾠ nearby	 ﾠ pyramidal	 ﾠ cells	 ﾠ (Packer	 ﾠ and	 ﾠ Yuste,	 ﾠ2011)	 ﾠand	 ﾠ that	 ﾠ
inhibitory	 ﾠneurons	 ﾠcan	 ﾠhave	 ﾠasymmetric	 ﾠeffects	 ﾠ(Adesnik	 ﾠet	 ﾠal.,	 ﾠ2012).	 ﾠHere	 ﾠwe	 ﾠrecorded	 ﾠ in	 ﾠvivo	 ﾠ from	 ﾠ
neurons	 ﾠ in	 ﾠ primary	 ﾠ motor	 ﾠ cortex	 ﾠ of	 ﾠ an	 ﾠ awake	 ﾠ mouse	 ﾠ while	 ﾠ activating	 ﾠGABAergic	 ﾠinterneurons.	 ﾠWe	 ﾠ
found	 ﾠthat	 ﾠactivation	 ﾠof	 ﾠsuperficial	 ﾠvs.	 ﾠdeep	 ﾠinterneurons	 ﾠcan	 ﾠmodulate	 ﾠdifferent	 ﾠand	 ﾠsparse	 ﾠpopulation	 ﾠ
of	 ﾠ pyramidal	 ﾠ neurons,	 ﾠ consistent	 ﾠ with	 ﾠ high	 ﾠ point-ﾭ‐to-ﾭ‐point	 ﾠ specificity	 ﾠ of	 ﾠ inhibitory	 ﾠ microcircuits.	 ﾠ
Although	 ﾠthis	 ﾠpreliminary	 ﾠresult	 ﾠwill	 ﾠrequire	 ﾠadditional	 ﾠvalidation,	 ﾠit	 ﾠwas	 ﾠmade	 ﾠpossible	 ﾠby	 ﾠthe	 ﾠhighly	 ﾠ
localized	 ﾠand	 ﾠspatially	 ﾠcontrolled	 ﾠlight	 ﾠdelivery	 ﾠsystem	 ﾠpresented	 ﾠhere.	 ﾠ
	 ﾠ
A1.4.2:	 ﾠGeneralization	 ﾠof	 ﾠapproach	 ﾠ
	 ﾠ
The	 ﾠ method	 ﾠ proposed	 ﾠ in	 ﾠ this	 ﾠ paper	 ﾠ can	 ﾠ be	 ﾠ customized	 ﾠ for	 ﾠ specific	 ﾠ experimental	 ﾠ needs	 ﾠ by	 ﾠ
adjusting	 ﾠthe	 ﾠsize,	 ﾠshape,	 ﾠor	 ﾠrelative	 ﾠplacement	 ﾠof	 ﾠthe	 ﾠwindows.	 ﾠThe	 ﾠkey	 ﾠto	 ﾠdesign	 ﾠthe	 ﾠmulti	 ﾠ-ﾭ‐	 ﾠpoint	 ﾠ
emitting	 ﾠ optical	 ﾠ fibers	 ﾠ is	 ﾠ to	 ﾠ choose	 ﾠ the	 ﾠ correct	 ﾠ size	 ﾠ of	 ﾠ the	 ﾠ apertures,	 ﾠ the	 ﾠ appropriate	 ﾠfiber-ﾭ‐taper	 ﾠ
diameter	 ﾠand	 ﾠthe	 ﾠcorrect	 ﾠinput-ﾭ‐coupling	 ﾠangles.	 ﾠThe	 ﾠcombination	 ﾠof	 ﾠthese	 ﾠtwo	 ﾠlast	 ﾠparameters	 ﾠdefines	 ﾠ
the	 ﾠwave-ﾭ‐vector	 ﾠtransversal	 ﾠcomponent	 ﾠkjT	 ﾠall	 ﾠalong	 ﾠthe	 ﾠtaper,	 ﾠallowing	 ﾠindependent	 ﾠcontrol	 ﾠof	 ﾠtwo	 ﾠor	 ﾠ
three	 ﾠwindows	 ﾠalong	 ﾠthe	 ﾠtaper	 ﾠlength.	 ﾠ	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In	 ﾠsummary,	 ﾠwe	 ﾠdeveloped	 ﾠa	 ﾠnovel	 ﾠoptogenetic	 ﾠdevice	 ﾠbased	 ﾠon	 ﾠa	 ﾠtapered	 ﾠoptical	 ﾠfiber	 ﾠthat	 ﾠ
allows	 ﾠlight	 ﾠto	 ﾠbe	 ﾠdirected	 ﾠto	 ﾠspecific	 ﾠsites	 ﾠin	 ﾠ the	 ﾠbrain	 ﾠalong	 ﾠthe	 ﾠlength	 ﾠof	 ﾠthe	 ﾠfiber.	 ﾠLight	 ﾠescapes	 ﾠ
through	 ﾠ a	 ﾠ series	 ﾠ of	 ﾠ optical	 ﾠ windows	 ﾠ on	 ﾠ the	 ﾠ taper’s	 ﾠ edge,	 ﾠ with	 ﾠ the	 ﾠ windows	 ﾠ fabricated	 ﾠin	 ﾠa	 ﾠsingle	 ﾠ
technological	 ﾠstep.	 ﾠIn	 ﾠcontrast	 ﾠwith	 ﾠpreviously	 ﾠreported	 ﾠmethods,	 ﾠdynamic	 ﾠstimulation	 ﾠof	 ﾠdifferent	 ﾠbrain	 ﾠ
sites	 ﾠwas	 ﾠachieved	 ﾠ by	 ﾠmeans	 ﾠof	 ﾠa	 ﾠsingle	 ﾠoptical	 ﾠ waveguide,	 ﾠthus	 ﾠreducing	 ﾠ the	 ﾠ invasiveness	 ﾠ of	 ﾠ the	 ﾠ
device	 ﾠ in	 ﾠ the	 ﾠ brain.	 ﾠ Site	 ﾠ selection	 ﾠ was	 ﾠ achieved	 ﾠ by	 ﾠ a	 ﾠ very	 ﾠsimple	 ﾠoptical	 ﾠstrategy	 ﾠ-ﾭ‐-ﾭ‐	 ﾠadjusting	 ﾠthe	 ﾠ
angle	 ﾠof	 ﾠthe	 ﾠincident	 ﾠlight	 ﾠon	 ﾠthe	 ﾠinput	 ﾠfacet	 ﾠof	 ﾠthe	 ﾠfiber.	 ﾠIn	 ﾠvivo	 ﾠexperiments,	 ﾠperformed	 ﾠby	 ﾠcoupling	 ﾠ
the	 ﾠ optical	 ﾠ device	 ﾠ to	 ﾠ a	 ﾠ linear	 ﾠ electrode	 ﾠ array	 ﾠ for	 ﾠextracellular	 ﾠ	 ﾠsignal	 ﾠ	 ﾠrecording,	 ﾠ	 ﾠdemonstrated	 ﾠ	 ﾠthe	 ﾠ	 ﾠ
effectiveness	 ﾠ	 ﾠof	 ﾠ	 ﾠthe	 ﾠ	 ﾠdevice	 ﾠ	 ﾠfor	 ﾠ	 ﾠswitching	 ﾠoptical	 ﾠactivation	 ﾠand	 ﾠindirect	 ﾠsilencing	 ﾠof	 ﾠneurons	 ﾠbetween	 ﾠ
proximal	 ﾠor	 ﾠdistal	 ﾠrecording	 ﾠsites	 ﾠin	 ﾠreal	 ﾠtime.	 ﾠThe	 ﾠresult	 ﾠis	 ﾠa	 ﾠpowerful,	 ﾠversatile	 ﾠand	 ﾠminimally	 ﾠinvasive	 ﾠ
tool	 ﾠfor	 ﾠthe	 ﾠcausal	 ﾠmanipulation	 ﾠof	 ﾠneural	 ﾠcircuits.	 ﾠ
	 ﾠ
A1.5:	 ﾠExperimental	 ﾠProcedures	 ﾠ
A1.5.1:	 ﾠOptical	 ﾠfiber	 ﾠprocessing	 ﾠ
	 ﾠ
Tapered	 ﾠ optical	 ﾠ fibers	 ﾠwere	 ﾠ purchased	 ﾠ from	 ﾠ Nanonics	 ﾠImaging	 ﾠ Ltd.	 ﾠ (core	 ﾠ diameter	 ﾠ a=50μm,	 ﾠ
cladding	 ﾠ diameter	 ﾠ d0=125μm,	 ﾠ core	 ﾠ refractive	 ﾠ index	 ﾠ n1=1.464,	 ﾠ cladding	 ﾠ refractive	 ﾠ index	 ﾠ n2=1.447,	 ﾠ
numerical	 ﾠaperture	 ﾠN.A.=0.22,	 ﾠtaper	 ﾠangle	 ﾠbetween	 ﾠ3°	 ﾠand	 ﾠ6°,	 ﾠgold	 ﾠreflective	 ﾠcoating	 ﾠthickness	 ﾠ~300nm,	 ﾠ
aperture	 ﾠ diameter	 ﾠ at	 ﾠ taper	 ﾠ tip	 ﾠ ~200nm).	 ﾠ Since	 ﾠ the	 ﾠ sharpened	 ﾠ edge	 ﾠ is	 ﾠ obtained	 ﾠ by	 ﾠ a	 ﾠ “heating	 ﾠ and	 ﾠ
pulling”	 ﾠ method,	 ﾠ core	 ﾠ and	 ﾠ cladding	 ﾠ are	 ﾠ melted	 ﾠ and	 ﾠ mixed	 ﾠ together,	 ﾠ resulting	 ﾠ in	 ﾠ a	 ﾠ homogeneous	 ﾠ
medium	 ﾠall	 ﾠalong	 ﾠthe	 ﾠtaper.	 ﾠTo	 ﾠopen	 ﾠthe	 ﾠoptical	 ﾠwindows,	 ﾠthe	 ﾠoptical	 ﾠfiber	 ﾠwas	 ﾠinserted	 ﾠin	 ﾠa	 ﾠcombined	 ﾠ
focused	 ﾠ ion	 ﾠ beam/scanning	 ﾠ electron	 ﾠ microscope	 ﾠ system	 ﾠ (FEI®	 ﾠ Helios™	 ﾠ NanoLab™	 ﾠ 600i	 ﾠ DualBeam™,	 ﾠ
equipped	 ﾠwith	 ﾠthe	 ﾠTomahawk	 ﾠFIB	 ﾠcolumn).	 ﾠFor	 ﾠeach	 ﾠwindow,	 ﾠa	 ﾠsquare	 ﾠarea	 ﾠwas	 ﾠscanned	 ﾠby	 ﾠthe	 ﾠGa+	 ﾠ
ion	 ﾠbeam	 ﾠperpendicularly	 ﾠto	 ﾠthe	 ﾠfiber	 ﾠaxis	 ﾠ(acceleration	 ﾠpotential	 ﾠ30	 ﾠkeV,	 ﾠprobe	 ﾠcurrent	 ﾠ9.3nA,	 ﾠdwell	 ﾠ	 ﾠ
	 ﾠ 108	 ﾠ
time	 ﾠ1μs,	 ﾠprocess	 ﾠtime	 ﾠup	 ﾠto	 ﾠ20	 ﾠminutes	 ﾠfor	 ﾠa	 ﾠ25μm	 ﾠx	 ﾠ25μm	 ﾠwindow	 ﾠand	 ﾠto	 ﾠreach	 ﾠa	 ﾠmilled	 ﾠdepth	 ﾠof	 ﾠ
about	 ﾠ6	 ﾠμm).	 ﾠEach	 ﾠwindow	 ﾠwas	 ﾠ milled	 ﾠ with	 ﾠ sub-ﾭ‐micrometer	 ﾠ precision	 ﾠ at	 ﾠ the	 ﾠ position	 ﾠ targeted	 ﾠ by	 ﾠ
SEM	 ﾠ inspection,	 ﾠ using	 ﾠ the	 ﾠ 16-ﾭ‐bit	 ﾠ scan/pattern	 ﾠ generator	 ﾠ and	 ﾠ the	 ﾠ integrated	 ﾠ CAD.	 ﾠ The	 ﾠ scanning	 ﾠ
direction	 ﾠwas	 ﾠalong	 ﾠthe	 ﾠpositive	 ﾠz-ﾭ‐axis,	 ﾠsince	 ﾠthis	 ﾠproduced	 ﾠthe	 ﾠcleanest	 ﾠtop	 ﾠsidewall	 ﾠof	 ﾠthe	 ﾠwindows,	 ﾠ
nearly	 ﾠ free	 ﾠfrom	 ﾠredeposition	 ﾠartifacts.	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠof	 ﾠ2-ﾭ‐MPFs,	 ﾠH1	 ﾠwas	 ﾠrealized	 ﾠby	 ﾠmilling	 ﾠan	 ﾠarea	 ﾠof	 ﾠ
15μm	 ﾠx	 ﾠ15μm	 ﾠ for	 ﾠ a	 ﾠ depth	 ﾠ of	 ﾠ 4μm	 ﾠ at	 ﾠ a	 ﾠ taper	 ﾠ diameter	 ﾠ of	 ﾠ 25μm,	 ﾠ while	 ﾠ H2	 ﾠ was	 ﾠ 25μm	 ﾠ x	 ﾠ 25μm	 ﾠ x	 ﾠ 6	 ﾠ
μm	 ﾠ(width	 ﾠx	 ﾠlength	 ﾠx	 ﾠdepth)	 ﾠat	 ﾠa	 ﾠtaper	 ﾠdiameter	 ﾠof	 ﾠ80μm.	 ﾠDistance	 ﾠbetween	 ﾠH1	 ﾠand	 ﾠH2	 ﾠwas	 ﾠabout	 ﾠ
700μm.	 ﾠFor	 ﾠthe	 ﾠ3-ﾭ‐MPF,	 ﾠH1	 ﾠwas	 ﾠ5μm	 ﾠx	 ﾠ5μm	 ﾠx	 ﾠ4μm	 ﾠ(taper	 ﾠdiameter	 ﾠ25μm),	 ﾠH2	 ﾠ15μm	 ﾠx	 ﾠ15μm	 ﾠx	 ﾠ4	 ﾠμm	 ﾠ
(taper	 ﾠ diameter	 ﾠ 50μm),	 ﾠ H3	 ﾠ 25μm	 ﾠ x	 ﾠ 25μm	 ﾠ x	 ﾠ 6	 ﾠ μm	 ﾠ (taper	 ﾠ diameter	 ﾠ 85μm).	 ﾠ The	 ﾠ distance	 ﾠ between	 ﾠ
adjacent	 ﾠwindows	 ﾠwas	 ﾠ~400μm.	 ﾠFor	 ﾠthe	 ﾠ7-ﾭ‐MPF	 ﾠall	 ﾠwindows	 ﾠwere	 ﾠrealized	 ﾠby	 ﾠmilling	 ﾠan	 ﾠarea	 ﾠof	 ﾠ25μm	 ﾠx	 ﾠ
25μm	 ﾠfor	 ﾠa	 ﾠdepth	 ﾠof	 ﾠ6μm	 ﾠand	 ﾠa	 ﾠwindow-ﾭ‐to-ﾭ‐window	 ﾠspacing	 ﾠof	 ﾠ100μm.	 ﾠ
	 ﾠ
A1.5.2:	 ﾠRepeatability	 ﾠof	 ﾠthe	 ﾠfabrication	 ﾠprocess	 ﾠ
	 ﾠ
Given	 ﾠa	 ﾠcertain	 ﾠtaper	 ﾠangle,	 ﾠthe	 ﾠprocess	 ﾠof	 ﾠFIB-ﾭ‐induced	 ﾠmilling	 ﾠis	 ﾠhighly	 ﾠrepeatable	 ﾠin	 ﾠterms	 ﾠof	 ﾠ
both	 ﾠsize	 ﾠand	 ﾠoptical	 ﾠquality	 ﾠof	 ﾠthe	 ﾠwindows,	 ﾠin	 ﾠparticular	 ﾠbecause	 ﾠthe	 ﾠwindows	 ﾠmilled	 ﾠon	 ﾠthe	 ﾠcylindrical	 ﾠ
surface	 ﾠare	 ﾠtwo	 ﾠ or	 ﾠthree	 ﾠtimes	 ﾠ smaller	 ﾠ than	 ﾠthe	 ﾠtaper	 ﾠ diameter.	 ﾠThe	 ﾠdistance	 ﾠbetween	 ﾠwindows	 ﾠis	 ﾠ
related	 ﾠ to	 ﾠ the	 ﾠ taper	 ﾠ diameter	 ﾠ at	 ﾠ a	 ﾠ given	 ﾠ section,	 ﾠ and	 ﾠ thus	 ﾠ the	 ﾠ position	 ﾠof	 ﾠ the	 ﾠ windows	 ﾠ has	 ﾠ to	 ﾠ be	 ﾠ
designed	 ﾠdepending	 ﾠon	 ﾠthe	 ﾠtaper	 ﾠangle	 ﾠand	 ﾠlaunching	 ﾠparameters.	 ﾠBecause	 ﾠthe	 ﾠtypical	 ﾠtaper	 ﾠangle	 ﾠis	 ﾠ
between	 ﾠ3-ﾭ‐6°,	 ﾠeach	 ﾠmulti-ﾭ‐point	 ﾠemitting	 ﾠoptical	 ﾠfiber	 ﾠmust	 ﾠbe	 ﾠcharacterized	 ﾠ(e.g.,	 ﾠin	 ﾠfluorescein	 ﾠsolution)	 ﾠ
before	 ﾠuse	 ﾠin	 ﾠvivo.	 ﾠHowever,	 ﾠwe	 ﾠ find	 ﾠ that	 ﾠ~10%	 ﾠof	 ﾠthe	 ﾠcommercially	 ﾠobtained	 ﾠ tapered	 ﾠ fibers	 ﾠshow	 ﾠ
abrupt	 ﾠ angle	 ﾠ variations	 ﾠ along	 ﾠ the	 ﾠ taper.	 ﾠ These	 ﾠ fibers	 ﾠ are	 ﾠ discovered	 ﾠ by	 ﾠ SEM	 ﾠ inspection	 ﾠ before	 ﾠ FIB	 ﾠ
patterning,	 ﾠand	 ﾠare	 ﾠdiscarded.	 ﾠFurther	 ﾠoptimization	 ﾠof	 ﾠthe	 ﾠtapering	 ﾠprocess,	 ﾠsuch	 ﾠas	 ﾠusing	 ﾠa	 ﾠlaser	 ﾠpuller	 ﾠ
to	 ﾠimprove	 ﾠthe	 ﾠreproducibility	 ﾠof	 ﾠthe	 ﾠtaper,	 ﾠshould	 ﾠreduce	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠdiscarded	 ﾠfibers.	 ﾠ	 ﾠ
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A1.5.3:	 ﾠEmitted	 ﾠpower	 ﾠestimation	 ﾠ
	 ﾠ
To	 ﾠestimate	 ﾠthe	 ﾠpower	 ﾠemitted	 ﾠby	 ﾠthe	 ﾠoptical	 ﾠwindows,	 ﾠindirect	 ﾠmeasurements	 ﾠbased	 ﾠon	 ﾠthe	 ﾠ
induced	 ﾠfluorescence	 ﾠintensity	 ﾠwere	 ﾠperformed.	 ﾠThe	 ﾠfluorescence	 ﾠsignal	 ﾠof	 ﾠthe	 ﾠFluorescein:water	 ﾠ	 ﾠbath	 ﾠ	 ﾠ
was	 ﾠ	 ﾠcalibrated	 ﾠ	 ﾠusing	 ﾠ	 ﾠa	 ﾠ	 ﾠcore/cladding	 ﾠ	 ﾠfiber	 ﾠ	 ﾠoptic	 ﾠ	 ﾠwithout	 ﾠ	 ﾠtapered	 ﾠregion,	 ﾠemitting	 ﾠa	 ﾠset	 ﾠof	 ﾠknown	 ﾠ
powers.	 ﾠFITC-ﾭ‐filtered	 ﾠfluorescence	 ﾠimages	 ﾠwere	 ﾠacquired	 ﾠwith	 ﾠan	 ﾠ8-ﾭ‐bit	 ﾠCCD	 ﾠcamera.	 ﾠFor	 ﾠeach	 ﾠknown	 ﾠ
power	 ﾠemission,	 ﾠwe	 ﾠmeasured	 ﾠthe	 ﾠsum	 ﾠof	 ﾠthe	 ﾠintensity	 ﾠvalues	 ﾠregistered	 ﾠby	 ﾠthe	 ﾠCCD	 ﾠover	 ﾠa	 ﾠline	 ﾠjust	 ﾠ
outside	 ﾠthe	 ﾠfiber	 ﾠtermination,	 ﾠto	 ﾠconstruct	 ﾠa	 ﾠpower	 ﾠversus	 ﾠintensity	 ﾠdependence.	 ﾠThis	 ﾠprocedure	 ﾠwas	 ﾠ
repeated	 ﾠfor	 ﾠdifferent	 ﾠCCD	 ﾠacquisition	 ﾠparameters	 ﾠ(gain	 ﾠand	 ﾠexposure	 ﾠtime).	 ﾠThe	 ﾠpower	 ﾠemitted	 ﾠby	 ﾠthe	 ﾠ
optical	 ﾠ windows	 ﾠ was	 ﾠ then	 ﾠ estimated	 ﾠ through	 ﾠ these	 ﾠ curves.	 ﾠ For	 ﾠ the	 ﾠ 2-ﾭ‐	 ﾠ and	 ﾠ 3-ﾭ‐MPFs,	 ﾠ we	 ﾠ recorded	 ﾠ
fluorescence	 ﾠimages	 ﾠfor	 ﾠPFC=350µW,	 ﾠand	 ﾠused	 ﾠthe	 ﾠsum	 ﾠof	 ﾠthe	 ﾠCCD	 ﾠcounts	 ﾠover	 ﾠan	 ﾠimaginary	 ﾠline	 ﾠplaced	 ﾠ
parallel	 ﾠto	 ﾠthe	 ﾠtaper	 ﾠand	 ﾠjust	 ﾠoutside	 ﾠthe	 ﾠwindows.	 ﾠFor	 ﾠ7-ﾭ‐MPFs,	 ﾠintensity	 ﾠprofile	 ﾠwas	 ﾠevaluated	 ﾠ100µm	 ﾠ
from	 ﾠthe	 ﾠtaper,	 ﾠthe	 ﾠsame	 ﾠdistance	 ﾠat	 ﾠwhich	 ﾠwe	 ﾠplaced	 ﾠthe	 ﾠlinear	 ﾠmultielectrode	 ﾠarray	 ﾠin	 ﾠthe	 ﾠoptrodes.	 ﾠ
Extinction	 ﾠratio	 ﾠfor	 ﾠ2-ﾭ‐MPW	 ﾠand	 ﾠ3-ﾭ‐MPF	 ﾠdevice	 ﾠwere	 ﾠcomputed	 ﾠusing	 ﾠthe	 ﾠestimated	 ﾠoutput	 ﾠpowers.	 ﾠ
	 ﾠ
A1.5.4:	 ﾠEvolution	 ﾠof	 ﾠmodes	 ﾠin	 ﾠthe	 ﾠfiber	 ﾠtaper	 ﾠ
	 ﾠ
We	 ﾠ express	 ﾠ the	 ﾠ propagation	 ﾠ vector	 ﾠ of	 ﾠ the	 ﾠ j-ﾭ‐th	 ﾠ mode	 ﾠ at	 ﾠ the	 ﾠ taper	 ﾠ entrance	 ﾠ kj	 ﾠ 	 ﾠ as	 ﾠ the	 ﾠ
vectorial	 ﾠsum	 ﾠ of	 ﾠits	 ﾠaxial	 ﾠ (kjA(d0))	 ﾠand	 ﾠ transversal	 ﾠ (kjT(d0))	 ﾠcomponents,	 ﾠi.e.,	 ﾠ kj	 ﾠ	 ﾠ=	 ﾠkjT(d0)	 ﾠ+	 ﾠkjA(d0),	 ﾠ
with	 ﾠtheir	 ﾠmoduli	 ﾠrelated	 ﾠby	 ﾠ
	 ﾠ
,	 ﾠ
	 ﾠand	 ﾠwith	 ﾠ	 ﾠ
	 ﾠ 110	 ﾠ
	 ﾠ
	 ﾠ =	 ﾠ
constant	 ﾠall	 ﾠalong	 ﾠthe	 ﾠtaper	 ﾠ(n	 ﾠdefines	 ﾠthe	 ﾠrefractive	 ﾠindex	 ﾠwithin	 ﾠthe	 ﾠtaper).	 ﾠIn	 ﾠgeneral,	 ﾠthe	 ﾠhigher	 ﾠthe	 ﾠ
order	 ﾠ of	 ﾠ the	 ﾠ mode,	 ﾠ the	 ﾠ higher	 ﾠ the	 ﾠ transversal	 ﾠ component	 ﾠ of	 ﾠ its	 ﾠ propagation	 ﾠ vector,	 ﾠ i.e.,	 ﾠ kjT(d0)≤	 ﾠ
k(j+1)T(d0).	 ﾠAll	 ﾠthe	 ﾠmodes	 ﾠexcited	 ﾠat	 ﾠthe	 ﾠdistal	 ﾠend	 ﾠof	 ﾠthe	 ﾠfiber	 ﾠpropagate	 ﾠup	 ﾠto	 ﾠthe	 ﾠtapered	 ﾠsection,	 ﾠ
where	 ﾠtheir	 ﾠbehavior	 ﾠis	 ﾠstrongly	 ﾠmodified.	 ﾠThe	 ﾠtransversal	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠpropagation	 ﾠvector	 ﾠof	 ﾠthe	 ﾠ
j-ﾭ‐th	 ﾠmode	 ﾠis	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠtaper	 ﾠdiameter	 ﾠd:	 ﾠ
	 ﾠ
	 ﾠ
where	 ﾠ d0=125mm	 ﾠ is	 ﾠ the	 ﾠ fiber	 ﾠ diameter	 ﾠ at	 ﾠ the	 ﾠ taper	 ﾠ entrance,	 ﾠ so	 ﾠ that	 ﾠ the	 ﾠ narrower	 ﾠ the	 ﾠ taper,	 ﾠthe	 ﾠ	 ﾠ
higher	 ﾠ	 ﾠthe	 ﾠ	 ﾠkjT(d)	 ﾠ	 ﾠvalue.	 ﾠ	 ﾠFor	 ﾠ	 ﾠd	 ﾠ	 ﾠsmall	 ﾠ	 ﾠenough	 ﾠ	 ﾠto	 ﾠ	 ﾠhave	 ﾠ	 ﾠ	 ﾠ
kjT(d)>kj,	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ=	 ﾠ	 ﾠ	 ﾠ 	 ﾠ
becomes	 ﾠ imaginary	 ﾠ and	 ﾠ the	 ﾠ j-ﾭ‐th	 ﾠ mode	 ﾠ thus	 ﾠ becomes	 ﾠ evanescent.	 ﾠ This	 ﾠ behavior	 ﾠ is	 ﾠ graphically	 ﾠ
described	 ﾠin	 ﾠFigure	 ﾠA.2A:	 ﾠthe	 ﾠdashed	 ﾠblack	 ﾠline	 ﾠrepresents	 ﾠkj,	 ﾠwhereas	 ﾠthe	 ﾠother	 ﾠcurves	 ﾠrepresent	 ﾠthe	 ﾠ
evolution	 ﾠof	 ﾠkjT(d)	 ﾠfor	 ﾠdifferent	 ﾠkjT(d0).	 ﾠThe	 ﾠhigher	 ﾠthe	 ﾠpropagation-ﾭ‐vector	 ﾠtransversal	 ﾠcomponent	 ﾠ at	 ﾠ
the	 ﾠ taper	 ﾠ entrance	 ﾠ kjT(d0),	 ﾠ the	 ﾠ higher	 ﾠ the	 ﾠ diameter	 ﾠ at	 ﾠ which	 ﾠ kjT(d)	 ﾠ overtakes	 ﾠ kj,	 ﾠ thus	 ﾠ implying	 ﾠ
evanescence	 ﾠ of	 ﾠ the	 ﾠ modes	 ﾠ in	 ﾠ sections	 ﾠ closer	 ﾠ to	 ﾠ the	 ﾠ taper	 ﾠ entrance.	 ﾠ It	 ﾠ is	 ﾠ worth	 ﾠnoting	 ﾠthat	 ﾠmodal	 ﾠ
functions	 ﾠas	 ﾠwell	 ﾠas	 ﾠkjT	 ﾠ are	 ﾠinfluenced	 ﾠonly	 ﾠby	 ﾠthe	 ﾠshape	 ﾠand	 ﾠsize	 ﾠof	 ﾠthe	 ﾠwaveguide	 ﾠ in	 ﾠ a	 ﾠ particular	 ﾠ
section,	 ﾠwhile	 ﾠthe	 ﾠpropagation	 ﾠdirection	 ﾠ(forwards	 ﾠand	 ﾠbackwards)	 ﾠhas	 ﾠno	 ﾠinfluence	 ﾠon	 ﾠthat	 ﾠparameter	 ﾠ
(Snyder	 ﾠand	 ﾠLove,	 ﾠ1983).	 ﾠ
	 ﾠ
A1.5.5:	 ﾠTuning	 ﾠof	 ﾠthe	 ﾠinput-ﾭ‐coupling	 ﾠangle	 ﾠ
	 ﾠ	 ﾠ
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The	 ﾠoptical	 ﾠsetup	 ﾠused	 ﾠto	 ﾠmodulate	 ﾠthe	 ﾠinput-ﾭ‐coupling	 ﾠangle	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ A.3A,	 ﾠwith	 ﾠ
additional	 ﾠdetails	 ﾠgiven	 ﾠin	 ﾠFigure	 ﾠA.S3.	 ﾠBy	 ﾠsliding	 ﾠthe	 ﾠmirror	 ﾠM2	 ﾠalong	 ﾠthe	 ﾠoptical	 ﾠpath	 ﾠby	 ﾠPM2,	 ﾠthe	 ﾠ
input-ﾭ‐coupling	 ﾠangle	 ﾠθ	 ﾠis	 ﾠmodified,	 ﾠas	 ﾠθ=atan(|PM2|/f1).	 ﾠBecause	 ﾠthe	 ﾠdiameter	 ﾠof	 ﾠL1	 ﾠis	 ﾠ50.8	 ﾠmm,	 ﾠthe	 ﾠ	 ﾠ
maximum	 ﾠ	 ﾠθ	 ﾠ	 ﾠachievable	 ﾠ	 ﾠis	 ﾠ	 ﾠθmax~14°,	 ﾠ	 ﾠwell	 ﾠ	 ﾠabove	 ﾠ	 ﾠthe	 ﾠ	 ﾠlimit	 ﾠ	 ﾠgiven	 ﾠ	 ﾠby	 ﾠ	 ﾠthe	 ﾠ	 ﾠoptical	 ﾠ	 ﾠfiber	 ﾠnumerical	 ﾠ
aperture	 ﾠ (αmax=12.7°).	 ﾠ The	 ﾠ beam	 ﾠ waist	 ﾠ at	 ﾠ L1,	 ﾠ hereafter	 ﾠ referred	 ﾠ to	 ﾠ as	 ﾠ WL1,	 ﾠ defines	 ﾠinstead	 ﾠ the	 ﾠ
angular	 ﾠ aperture	 ﾠ of	 ﾠ the	 ﾠ focalized	 ﾠ beam,	 ﾠ as	 ﾠ φ=atan[(WL1-ﾭ‐WC)/f1)],	 ﾠ where	 ﾠ WC	 ﾠ	 ﾠis	 ﾠ the	 ﾠwaist	 ﾠof	 ﾠthe	 ﾠ
focused	 ﾠbeam	 ﾠat	 ﾠthe	 ﾠfiber	 ﾠentrance.	 ﾠIn	 ﾠour	 ﾠcase	 ﾠwe	 ﾠfound	 ﾠφ~0.4°.	 ﾠ
	 ﾠ
To	 ﾠ examine	 ﾠ the	 ﾠ radiation	 ﾠ from	 ﾠ the	 ﾠ optical	 ﾠ windows,	 ﾠ the	 ﾠ fiber	 ﾠ taper	 ﾠ was	 ﾠ immersed	 ﾠ into	 ﾠ a	 ﾠ
fluorescein	 ﾠ bath	 ﾠ (in	 ﾠ water).	 ﾠ Fluorescein	 ﾠ emission	 ﾠ excited	 ﾠ by	 ﾠ the	 ﾠ aperture	 ﾠ on	 ﾠ the	 ﾠ taper’s	 ﾠ edge	 ﾠ was	 ﾠ
detected	 ﾠ by	 ﾠ a	 ﾠ Zeiss	 ﾠ microscope	 ﾠ equipped	 ﾠ with	 ﾠ a	 ﾠ FITC	 ﾠ filter,	 ﾠ and	 ﾠ imaged	 ﾠ by	 ﾠ a	 ﾠ CCD	 ﾠ camera.	 ﾠ For	 ﾠ
experiments	 ﾠ on	 ﾠ brain	 ﾠ slices,	 ﾠ brain	 ﾠ tissue	 ﾠ was	 ﾠ fixed	 ﾠ with	 ﾠ 4%	 ﾠ paraformaldehyde	 ﾠ and	 ﾠ immersed	 ﾠ in	 ﾠ a	 ﾠ
Fluorescein	 ﾠbath	 ﾠin	 ﾠPBS	 ﾠfor	 ﾠone	 ﾠday.	 ﾠThe	 ﾠfluorescent	 ﾠtissue	 ﾠwas	 ﾠplaced	 ﾠon	 ﾠa	 ﾠmicroscope	 ﾠ	 ﾠcoverslip,	 ﾠ	 ﾠthe	 ﾠ	 ﾠ
tapered	 ﾠ	 ﾠoptical	 ﾠ	 ﾠfiber	 ﾠ	 ﾠwas	 ﾠ	 ﾠinserted	 ﾠ	 ﾠby	 ﾠ	 ﾠa	 ﾠ	 ﾠmicromanipulator,	 ﾠ	 ﾠand	 ﾠoptical	 ﾠanalysis	 ﾠwas	 ﾠperformed	 ﾠ
following	 ﾠthe	 ﾠsame	 ﾠprocedures	 ﾠas	 ﾠin	 ﾠthe	 ﾠfluorescein-ﾭ‐bath	 ﾠexperiments.	 ﾠ
	 ﾠ
A1.5.6:	 ﾠAnimal	 ﾠProcedures	 ﾠ
	 ﾠ
All	 ﾠanimal	 ﾠprocedures	 ﾠwere	 ﾠapproved	 ﾠby	 ﾠthe	 ﾠInstitutional	 ﾠAnimal	 ﾠCare	 ﾠand	 ﾠUse	 ﾠCommittee	 ﾠat	 ﾠ
Harvard	 ﾠ Medical	 ﾠ School	 ﾠ and	 ﾠ conformed	 ﾠ to	 ﾠ National	 ﾠ Institutes	 ﾠ of	 ﾠ Health	 ﾠ Guidelines.	 ﾠ Custom-ﾭ‐	 ﾠ made	 ﾠ
titanium	 ﾠhead	 ﾠplates	 ﾠwere	 ﾠsurgically	 ﾠimplanted	 ﾠon	 ﾠthe	 ﾠskull	 ﾠof	 ﾠadult	 ﾠC57BL/6	 ﾠmice	 ﾠexpressing	 ﾠeither	 ﾠcre	 ﾠ
recombinase	 ﾠ in	 ﾠ the	 ﾠ indirect	 ﾠ pathway	 ﾠ spiny	 ﾠ projection	 ﾠ neurons	 ﾠ (iSPNs),	 ﾠ under	 ﾠ the	 ﾠ adenosine2A	 ﾠ
promoter	 ﾠ (Adora2A-ﾭ‐cre,	 ﾠ GENSAT	 ﾠ KG139),	 ﾠ or	 ﾠ expressing	 ﾠ Channelrhodopsin	 ﾠ in	 ﾠ all	 ﾠ inhibitory	 ﾠ neurons	 ﾠ
(VGAT-ﾭ‐ChR2,	 ﾠB6.Cg-ﾭ‐Tg(Slc32a1-ﾭ‐	 ﾠCOP4*H134R/EYFP)8Gfng/J,	 ﾠJackson	 ﾠLaboratory).	 ﾠIn	 ﾠthe	 ﾠsame	 ﾠsurgery,	 ﾠ	 ﾠ
	 ﾠ 112	 ﾠ
1µl	 ﾠ of	 ﾠadeno	 ﾠ associated	 ﾠvirus	 ﾠ(AAV)	 ﾠ expressing	 ﾠ cre	 ﾠdependent	 ﾠ ChR2	 ﾠ (AAV5.EF1.dflox.hChR2(H134R)-ﾭ‐	 ﾠ
mCherry.WPRE.hGH	 ﾠvector	 ﾠ from	 ﾠ University	 ﾠof	 ﾠPennsylvania	 ﾠVector	 ﾠ Core,	 ﾠAV-ﾭ‐5-ﾭ‐20297P)	 ﾠwas	 ﾠinjected	 ﾠ
into	 ﾠ the	 ﾠ dorsal	 ﾠ striatum	 ﾠ of	 ﾠ the	 ﾠ iSPN-ﾭ‐Cre	 ﾠ animal	 ﾠ (coordinates	 ﾠ 0.9mm	 ﾠ anterior	 ﾠ 1.7mm	 ﾠLateral	 ﾠ and	 ﾠ
2.4mm	 ﾠdeep).	 ﾠAfter	 ﾠrecovery	 ﾠthe	 ﾠanimal	 ﾠwas	 ﾠhabituated	 ﾠto	 ﾠhead	 ﾠrestraint	 ﾠfor	 ﾠup	 ﾠto	 ﾠ90	 ﾠminutes	 ﾠper	 ﾠday	 ﾠ
over	 ﾠthe	 ﾠcourse	 ﾠof	 ﾠ3	 ﾠweeks.	 ﾠFor	 ﾠan	 ﾠunrelated	 ﾠtask	 ﾠthe	 ﾠmouse	 ﾠwas	 ﾠtrained	 ﾠto	 ﾠpress	 ﾠ a	 ﾠ lever	 ﾠ to	 ﾠ receive	 ﾠ a	 ﾠ
water	 ﾠ reward.	 ﾠ 24	 ﾠ hours	 ﾠ before	 ﾠ the	 ﾠ first	 ﾠ recording,	 ﾠ the	 ﾠ injection	 ﾠcraniotomy	 ﾠ was	 ﾠ reopened	 ﾠ and	 ﾠ
enlarged	 ﾠ (>1mm	 ﾠ diameter)	 ﾠ to	 ﾠ allow	 ﾠ acute	 ﾠ electrical	 ﾠ recordings	 ﾠfrom	 ﾠthe	 ﾠmotor	 ﾠcortex	 ﾠor	 ﾠstriatum.	 ﾠ
Between	 ﾠuses	 ﾠthe	 ﾠcraniotomy	 ﾠwas	 ﾠcleaned	 ﾠand	 ﾠcovered.	 ﾠ
	 ﾠ
A1.5.7:	 ﾠElectrical	 ﾠrecording,	 ﾠreal-ﾭ‐time	 ﾠsignal	 ﾠprocessing	 ﾠand	 ﾠdata	 ﾠanalysis	 ﾠ
	 ﾠ
Acute	 ﾠ extracellular	 ﾠ single	 ﾠ unit	 ﾠ recordings	 ﾠ were	 ﾠ made	 ﾠ on	 ﾠ 3	 ﾠ consecutive	 ﾠ days	 ﾠ through	 ﾠ a	 ﾠ
craniotomy	 ﾠusing	 ﾠa	 ﾠNeuronexus	 ﾠ16	 ﾠchannel	 ﾠprobe	 ﾠmodel	 ﾠA1x16	 ﾠ–	 ﾠ5mm	 ﾠ–	 ﾠ50	 ﾠ–	 ﾠ177	 ﾠ–	 ﾠA16	 ﾠfitted	 ﾠwith	 ﾠthe	 ﾠ
optic	 ﾠfiber.	 ﾠData	 ﾠwas	 ﾠfiltered	 ﾠ(300hz	 ﾠto	 ﾠ10khz)	 ﾠ and	 ﾠacquired	 ﾠby	 ﾠeither	 ﾠan	 ﾠA-ﾭ‐M	 ﾠsystems	 ﾠmodel	 ﾠ3600	 ﾠ
extracellular	 ﾠamplifier	 ﾠ(A-ﾭ‐M	 ﾠsystems	 ﾠinc,	 ﾠSequim,	 ﾠWA)	 ﾠequipped	 ﾠwith	 ﾠa	 ﾠCambridge	 ﾠElectoronic	 ﾠDesign	 ﾠ
Power1401	 ﾠ interface	 ﾠ(CED,	 ﾠCambridge,	 ﾠEngland)	 ﾠor	 ﾠa	 ﾠPlexon	 ﾠInc.	 ﾠOmniplex	 ﾠsystem.	 ﾠ	 ﾠPutative	 ﾠ spikes	 ﾠ
were	 ﾠ identified	 ﾠ	 ﾠoffline	 ﾠ via	 ﾠ level	 ﾠ	 ﾠcrossing,	 ﾠ and	 ﾠ	 ﾠsorted	 ﾠ	 ﾠby	 ﾠ waveform	 ﾠbased	 ﾠon	 ﾠprinciple	 ﾠcomponent	 ﾠ
analysis	 ﾠ using	 ﾠ Offline	 ﾠ sorter	 ﾠ (Plexon	 ﾠ Inc)	 ﾠ and	 ﾠ Spike2	 ﾠ software	 ﾠ (Cambridge	 ﾠ Electoronic	 ﾠ Devices).	 ﾠ
Waveforms	 ﾠ clusters	 ﾠ that	 ﾠ were	 ﾠ not	 ﾠ synchronous	 ﾠ across	 ﾠ all	 ﾠchannels,	 ﾠnot	 ﾠtime	 ﾠlocked	 ﾠto	 ﾠother	 ﾠtriggers	 ﾠ
and	 ﾠ not	 ﾠpart	 ﾠof	 ﾠthe	 ﾠ‘noise	 ﾠcluster’	 ﾠwere	 ﾠidentified	 ﾠ as	 ﾠunits	 ﾠand	 ﾠanalyzed	 ﾠfurther.	 ﾠAll	 ﾠ analyzed	 ﾠunits	 ﾠ
fulfilled	 ﾠ the	 ﾠ following	 ﾠ criteria:	 ﾠ <2%	 ﾠ inter	 ﾠ spike	 ﾠ interval	 ﾠ violation	 ﾠ within	 ﾠ 2ms,	 ﾠ and	 ﾠ a	 ﾠ continuous	 ﾠ
distribution	 ﾠ of	 ﾠ waveforms	 ﾠ separate	 ﾠ from	 ﾠ the	 ﾠ ‘noise	 ﾠ cluster’	 ﾠ in	 ﾠ PCA	 ﾠ space.	 ﾠ Further	 ﾠ analysisof	 ﾠ
waveform	 ﾠ shape	 ﾠ and	 ﾠ firing	 ﾠ rates	 ﾠ was	 ﾠ performed	 ﾠ using	 ﾠ custom	 ﾠ scripts	 ﾠ in	 ﾠ IGOR	 ﾠ Pro	 ﾠ
(wavemetrics).	 ﾠ	 ﾠ
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B.1	 ﾠCholinergic	 ﾠModulation	 ﾠof	 ﾠSynaptic	 ﾠIntegration	 ﾠand	 ﾠDendritic	 ﾠExcitability	 ﾠin	 ﾠ
the	 ﾠStriatum.	 ﾠ
	 ﾠ
B1.1:	 ﾠAbstract:	 ﾠ
	 ﾠ Modulatory	 ﾠinterneurons	 ﾠsuch	 ﾠas,	 ﾠthe	 ﾠcholinergic	 ﾠinterneuron,	 ﾠare	 ﾠalways	 ﾠa	 ﾠperplexing	 ﾠsubject	 ﾠ
to	 ﾠstudy.	 ﾠFar	 ﾠfrom	 ﾠclear-ﾭ‐cut	 ﾠdistinctions	 ﾠsuch	 ﾠas	 ﾠexcitatory	 ﾠor	 ﾠinhibitory,	 ﾠmodulating	 ﾠinterneurons	 ﾠcan	 ﾠ
have	 ﾠmany,	 ﾠoften	 ﾠcontradictory	 ﾠeffects.	 ﾠThe	 ﾠstriatum	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠmost	 ﾠdensely	 ﾠexpressing	 ﾠbrain	 ﾠareas	 ﾠ
for	 ﾠ cholinergic	 ﾠ markers,	 ﾠ and	 ﾠ actylcholine	 ﾠ (ACh)	 ﾠ plays	 ﾠ an	 ﾠ important	 ﾠ role	 ﾠ in	 ﾠ regulating	 ﾠ synaptic	 ﾠ
transmission	 ﾠand	 ﾠcellular	 ﾠexcitability.	 ﾠEvery	 ﾠcell	 ﾠtype	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠhas	 ﾠreceptors	 ﾠfor	 ﾠACh.	 ﾠYet	 ﾠeven	 ﾠfor	 ﾠa	 ﾠ
given	 ﾠ cell	 ﾠ type,	 ﾠ ACh	 ﾠ affecting	 ﾠ different	 ﾠ receptors	 ﾠ can	 ﾠ have	 ﾠ seemingly	 ﾠ opposing	 ﾠ roles.	 ﾠ This	 ﾠ review	 ﾠ
highlights	 ﾠrelevant	 ﾠeffects	 ﾠof	 ﾠACh	 ﾠon	 ﾠmedium	 ﾠspiny	 ﾠneurons	 ﾠ(MSNs)	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠand	 ﾠsuggests	 ﾠhow	 ﾠits	 ﾠ
many	 ﾠeffects	 ﾠmay	 ﾠwork	 ﾠin	 ﾠconcert	 ﾠto	 ﾠmodulate	 ﾠMSN	 ﾠfiring	 ﾠproperties.	 ﾠ
B1.2	 ﾠIntroduction:	 ﾠ
	 ﾠ Although	 ﾠ comprising	 ﾠ only	 ﾠ 1–3%	 ﾠ of	 ﾠ all	 ﾠ striatal	 ﾠ neurons,	 ﾠ cholinergic	 ﾠ interneurons	 ﾠ (thought	 ﾠ to	 ﾠ
correspond	 ﾠto	 ﾠthe	 ﾠtonically	 ﾠactive	 ﾠneurons,	 ﾠTANs)	 ﾠhave	 ﾠwidespread	 ﾠconnections	 ﾠthroughout	 ﾠthe	 ﾠstriatum	 ﾠ
and	 ﾠ provide	 ﾠ the	 ﾠ sole	 ﾠ source	 ﾠ of	 ﾠ acetylcholine	 ﾠ (ACh)	 ﾠ to	 ﾠ the	 ﾠ striatum	 ﾠ (Woolf	 ﾠ &	 ﾠ Butcher,	 ﾠ 1981)	 ﾠ .	 ﾠ The	 ﾠ
striatum	 ﾠcontains	 ﾠsome	 ﾠof	 ﾠthe	 ﾠhighest	 ﾠlevels	 ﾠof	 ﾠcholinergic	 ﾠbiomarkers	 ﾠin	 ﾠthe	 ﾠbrain,	 ﾠincluding	 ﾠmuscarinic	 ﾠ
receptors,	 ﾠcholinesterase	 ﾠand	 ﾠothers	 ﾠ(Weiner,	 ﾠLevey,	 ﾠ&	 ﾠBrann,	 ﾠ1990).	 ﾠAs	 ﾠreviewed	 ﾠby	 ﾠCragg,	 ﾠ2006	 ﾠand	 ﾠ
Exley,	 ﾠ2008,	 ﾠ(Cragg,	 ﾠ2006;	 ﾠExley	 ﾠ&	 ﾠCragg,	 ﾠ2008),	 ﾠmodulation	 ﾠof	 ﾠACh	 ﾠand	 ﾠits	 ﾠinteraction	 ﾠwith	 ﾠdopamine	 ﾠ
(DA)	 ﾠare	 ﾠcrucial	 ﾠfor	 ﾠnormal	 ﾠstriatal	 ﾠfunction	 ﾠ(Cragg,	 ﾠ2006;	 ﾠExley	 ﾠ&	 ﾠCragg,	 ﾠ2008).	 ﾠAdditionally,	 ﾠin	 ﾠa	 ﾠ2007	 ﾠ
review	 ﾠPisani	 ﾠdiscussed	 ﾠhow	 ﾠdysfunction	 ﾠof	 ﾠcholinergic	 ﾠsignaling	 ﾠis	 ﾠassociated	 ﾠwith	 ﾠpathophysiological	 ﾠ
changes	 ﾠ in	 ﾠ movement	 ﾠ disorders	 ﾠ such	 ﾠ as	 ﾠ Parkinson's	 ﾠ disease	 ﾠ (PD),	 ﾠ Huntington's	 ﾠ disease	 ﾠ (HD),	 ﾠ and	 ﾠ
dystonia	 ﾠ(Ding	 ﾠet	 ﾠal.,	 ﾠ2006;	 ﾠPisani,	 ﾠBernardi,	 ﾠDing,	 ﾠ&	 ﾠSurmeier,	 ﾠ2007)	 ﾠ	 ﾠ
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This	 ﾠreview	 ﾠwill	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠpharmacological	 ﾠtargets	 ﾠof	 ﾠACh	 ﾠand	 ﾠthe	 ﾠrole	 ﾠof	 ﾠACh	 ﾠmodulation	 ﾠin	 ﾠ
dendritic	 ﾠ integration	 ﾠ and	 ﾠ synaptic	 ﾠ plasticity	 ﾠ in	 ﾠ the	 ﾠ striatum;	 ﾠ in	 ﾠ particular,	 ﾠ the	 ﾠ role	 ﾠ of	 ﾠ ACh-ﾭ‐releasing	 ﾠ
cholinergic	 ﾠinterneurons	 ﾠin	 ﾠregulating	 ﾠstriatal	 ﾠoutput	 ﾠneurons.	 ﾠ
B1.3	 ﾠCholinergic	 ﾠinterneurons:	 ﾠ
The	 ﾠoutput	 ﾠcells	 ﾠof	 ﾠthe	 ﾠstriatum	 ﾠare	 ﾠthe	 ﾠmedium	 ﾠspiny	 ﾠneurons	 ﾠ(MSNs).	 ﾠTheir	 ﾠfiring	 ﾠis	 ﾠaffected	 ﾠby	 ﾠ
the	 ﾠ three	 ﾠ major	 ﾠ groups	 ﾠ of	 ﾠ interneurons:	 ﾠ (1)	 ﾠ fast	 ﾠ spiking,	 ﾠ parvalbumin	 ﾠ (PV)	 ﾠ expressing	 ﾠ GABAergic	 ﾠ
interneurons,	 ﾠ (2)	 ﾠ burst	 ﾠ firing,	 ﾠ somatostatin/neuropeptide-ﾭ‐Y	 ﾠ (NPY)-ﾭ‐releasing	 ﾠ GABAergic	 ﾠ interneurons,	 ﾠ
and	 ﾠ(3)	 ﾠslow	 ﾠtonically	 ﾠfiring	 ﾠlarge	 ﾠaspiny	 ﾠcholinergic	 ﾠinterneurons	 ﾠ(Kawaguchi,	 ﾠWilson,	 ﾠAugood,	 ﾠ&	 ﾠEmson,	 ﾠ
1995;	 ﾠ Woolf	 ﾠ &	 ﾠ Butcher,	 ﾠ 1981).	 ﾠ While	 ﾠ the	 ﾠ PV	 ﾠ and	 ﾠ NPY-ﾭ‐expressing	 ﾠ GABAergic	 ﾠ interneurons	 ﾠ exert	 ﾠ a	 ﾠ
powerful	 ﾠ inhibitory	 ﾠ influence	 ﾠ on	 ﾠ MSNs	 ﾠ (Koós	 ﾠ &	 ﾠ Tepper,	 ﾠ 1999;	 ﾠ Tepper,	 ﾠ Koós,	 ﾠ &	 ﾠ Wilson,	 ﾠ 2004),	 ﾠ the	 ﾠ
function	 ﾠof	 ﾠcholinergic	 ﾠneurons	 ﾠis	 ﾠprimarily	 ﾠmodulatory	 ﾠand	 ﾠcannot	 ﾠbe	 ﾠsimply	 ﾠcharacterized	 ﾠas	 ﾠexcitatory	 ﾠ
or	 ﾠinhibitory.	 ﾠThe	 ﾠcholinergic	 ﾠinterneurons	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠhelp	 ﾠregulate	 ﾠthe	 ﾠduration,	 ﾠstrength	 ﾠand	 ﾠ
spatial	 ﾠpattern	 ﾠof	 ﾠstriatal	 ﾠMSNs	 ﾠoutput.	 ﾠ
Each	 ﾠof	 ﾠthese	 ﾠinterneurons	 ﾠcomprises	 ﾠonly	 ﾠ1–3%	 ﾠof	 ﾠall	 ﾠstriatal	 ﾠneurons,	 ﾠimpeding	 ﾠtheir	 ﾠthorough	 ﾠ
examination.	 ﾠNonetheless,	 ﾠcholinergic	 ﾠinterneurons	 ﾠare	 ﾠwell	 ﾠstudied	 ﾠowing	 ﾠto	 ﾠtheir	 ﾠlarge	 ﾠsize	 ﾠaiding	 ﾠ
identification	 ﾠ (Kawaguchi,	 ﾠ 1993).	 ﾠ Cholinergic	 ﾠ interneurons	 ﾠ are	 ﾠ tonically	 ﾠ active	 ﾠ pacemaking	 ﾠ neurons,	 ﾠ
even	 ﾠin	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠsynaptic	 ﾠinputs	 ﾠ(Bennett	 ﾠ&	 ﾠWilson,	 ﾠ1999).	 ﾠIn	 ﾠprimates	 ﾠcholinergic	 ﾠinterneurons	 ﾠ
demonstrate	 ﾠdistinct	 ﾠburst-ﾭ‐pause	 ﾠpattern	 ﾠin	 ﾠtheir	 ﾠtonic	 ﾠfiring	 ﾠduring	 ﾠmotor	 ﾠlearning	 ﾠand	 ﾠreward-ﾭ‐related	 ﾠ
behaviors	 ﾠ(Aosaki,	 ﾠGraybiel,	 ﾠ&	 ﾠKimura,	 ﾠ1994;	 ﾠMaurice,	 ﾠ2004).	 ﾠThese	 ﾠdopamine-ﾭ‐dependent-ﾭ‐pauses	 ﾠare	 ﾠ
hypothesized	 ﾠto	 ﾠserve	 ﾠa	 ﾠ‘teaching’	 ﾠrole	 ﾠin	 ﾠassociative	 ﾠand	 ﾠmotor	 ﾠlearning	 ﾠ(Graybiel,	 ﾠAosaki,	 ﾠFlaherty,	 ﾠ&	 ﾠ
Kimura,	 ﾠ1994),	 ﾠpresumably	 ﾠby	 ﾠaltering	 ﾠthe	 ﾠstrength	 ﾠof	 ﾠcorticostriatal	 ﾠglutamatergic	 ﾠsynapses.	 ﾠThalamic	 ﾠ
activities	 ﾠfrom	 ﾠthe	 ﾠintralaminar	 ﾠthalamic	 ﾠneurons	 ﾠgive	 ﾠrise	 ﾠto	 ﾠthe	 ﾠburst-ﾭ‐and-ﾭ‐pause	 ﾠfiring	 ﾠof	 ﾠcholinergic	 ﾠ
interneurons	 ﾠ (Ding,	 ﾠ Guzman,	 ﾠ Peterson,	 ﾠ Goldberg,	 ﾠ &	 ﾠ Surmeier,	 ﾠ 2010;	 ﾠ Thorn	 ﾠ &	 ﾠ Graybiel,	 ﾠ 2010).	 ﾠ This	 ﾠ	 ﾠ
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pattern	 ﾠof	 ﾠcholinergic	 ﾠactivity	 ﾠproduces	 ﾠdichotomic	 ﾠmodulation	 ﾠof	 ﾠcorticostriatal	 ﾠsynaptic	 ﾠtransmission	 ﾠ
through	 ﾠpresynaptic	 ﾠand	 ﾠpostsynaptic	 ﾠmechanisms,	 ﾠproviding	 ﾠa	 ﾠneural	 ﾠsubstrate	 ﾠfor	 ﾠattentional	 ﾠshifts	 ﾠ
with	 ﾠthe	 ﾠappearance	 ﾠof	 ﾠsalient	 ﾠenvironmental	 ﾠstimuli(Ding	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠPrevious	 ﾠstudies	 ﾠalso	 ﾠsuggest	 ﾠ
that	 ﾠsodium	 ﾠcurrents	 ﾠ(Maurice,	 ﾠ2004),	 ﾠslow	 ﾠafterhyperpolarization	 ﾠ(sAHP)	 ﾠ(Reynolds	 ﾠ&	 ﾠWickens,	 ﾠ2004),	 ﾠ
and	 ﾠIh	 ﾠ(Deng,	 ﾠZhang,	 ﾠ&	 ﾠXu,	 ﾠ2007)	 ﾠare	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠdecrease	 ﾠin	 ﾠfiring	 ﾠrate	 ﾠor	 ﾠpause	 ﾠin	 ﾠtonic	 ﾠspiking.	 ﾠ
	 ﾠ
B1.4	 ﾠACh	 ﾠand	 ﾠits	 ﾠpharmacological	 ﾠtargets:	 ﾠ
In	 ﾠthe	 ﾠstriatum,	 ﾠACh	 ﾠprimarily	 ﾠacts	 ﾠon	 ﾠG-ﾭ‐protein	 ﾠcoupled	 ﾠmuscarinic	 ﾠreceptors.	 ﾠTherefore,	 ﾠit	 ﾠis	 ﾠ
through	 ﾠa	 ﾠmodulatory	 ﾠrole	 ﾠthat	 ﾠACh	 ﾠis	 ﾠcrucial	 ﾠfor	 ﾠdetermining	 ﾠthe	 ﾠfinal	 ﾠactivity	 ﾠof	 ﾠstriatal	 ﾠneurons	 ﾠthat	 ﾠ
project	 ﾠto	 ﾠthe	 ﾠoutput	 ﾠstructures	 ﾠof	 ﾠthe	 ﾠbasal	 ﾠganglia.	 ﾠ
The	 ﾠfive	 ﾠmuscarinic	 ﾠreceptors	 ﾠ(mAchRs)	 ﾠthat	 ﾠhave	 ﾠbeen	 ﾠidentified	 ﾠcan	 ﾠbe	 ﾠgrouped	 ﾠinto	 ﾠtwo	 ﾠ
families.	 ﾠ The	 ﾠ M1-ﾭ‐like	 ﾠ receptors	 ﾠ (M1	 ﾠ and	 ﾠ M5)	 ﾠ are	 ﾠ coupled	 ﾠ to	 ﾠ Gq/11.	 ﾠ Their	 ﾠ activation	 ﾠ will	 ﾠ increase	 ﾠ
intracellular	 ﾠCa2+	 ﾠmobilization	 ﾠand	 ﾠactivate	 ﾠphospholipase	 ﾠC	 ﾠ(PLC)	 ﾠand	 ﾠprotein	 ﾠkinase	 ﾠC	 ﾠ(PKC).	 ﾠM2-ﾭ‐like	 ﾠ
receptors	 ﾠ(M2,	 ﾠM3,	 ﾠand	 ﾠM4)	 ﾠactivate	 ﾠGi/o	 ﾠproteins,	 ﾠwhich	 ﾠreduce	 ﾠc-ﾭ‐AMP	 ﾠconcentration	 ﾠand	 ﾠinhibit	 ﾠCa2+	 ﾠ
channels.	 ﾠWithin	 ﾠthe	 ﾠstriatum,	 ﾠM1	 ﾠand	 ﾠM4	 ﾠare	 ﾠthe	 ﾠmajor	 ﾠmuscarinic	 ﾠreceptors	 ﾠexpressed	 ﾠin	 ﾠMSNs	 ﾠand	 ﾠ
NPY	 ﾠreleasing	 ﾠinterneurons,	 ﾠwith	 ﾠM4	 ﾠbeing	 ﾠoverexpressed	 ﾠin	 ﾠstriatonigral	 ﾠMSNs	 ﾠ(Bernard,	 ﾠNormand,	 ﾠ&	 ﾠ
Bloch,	 ﾠ 1992b;	 ﾠ Yan,	 ﾠ Flores-ﾭ‐Hernandez,	 ﾠ &	 ﾠ Surmeier,	 ﾠ 2001).	 ﾠ Furthermore,	 ﾠ M2	 ﾠ and	 ﾠ M3	 ﾠ receptors	 ﾠ are	 ﾠ
located	 ﾠon	 ﾠpresynaptic	 ﾠglutamatergic	 ﾠterminals.	 ﾠAdditionally	 ﾠM2	 ﾠand	 ﾠM4	 ﾠreceptors	 ﾠexist	 ﾠon	 ﾠcholinergic	 ﾠ
neurons	 ﾠacting	 ﾠas	 ﾠautoreceptors	 ﾠ(Bernard,	 ﾠNormand,	 ﾠ&	 ﾠBloch,	 ﾠ1992a;	 ﾠDing	 ﾠet	 ﾠal.,	 ﾠ2006).	 ﾠIn	 ﾠaddition	 ﾠto	 ﾠ
muscarinic	 ﾠreceptors,	 ﾠionotropic	 ﾠnicotinic	 ﾠACh	 ﾠreceptors	 ﾠ(nAchRs)	 ﾠare	 ﾠexpressed	 ﾠon	 ﾠglutamatergic	 ﾠand	 ﾠ
dopaminergic	 ﾠterminals	 ﾠas	 ﾠwell	 ﾠas	 ﾠPV	 ﾠexpressing	 ﾠinterneurons	 ﾠbut	 ﾠare	 ﾠabsent	 ﾠin	 ﾠMSNs	 ﾠ(Zhou,	 ﾠWilson,	 ﾠ&	 ﾠ
Dani,	 ﾠ2002).	 ﾠTherefore,	 ﾠin	 ﾠthis	 ﾠreview,	 ﾠwe	 ﾠfocus	 ﾠon	 ﾠthe	 ﾠmuscarinic	 ﾠsignaling	 ﾠin	 ﾠthe	 ﾠstriatum.	 ﾠ	 ﾠ
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B1.5	 ﾠ Modulation	 ﾠ of	 ﾠ intrinsic	 ﾠ excitability	 ﾠ and	 ﾠ glutamatergic	 ﾠ signaling	 ﾠ by	 ﾠ M1	 ﾠ
receptors:	 ﾠ
M1	 ﾠreceptors	 ﾠare	 ﾠhighly	 ﾠexpressed	 ﾠin	 ﾠboth	 ﾠstriatonigral	 ﾠand	 ﾠstriatopallidal	 ﾠMSNs	 ﾠ(Yan	 ﾠet	 ﾠal.,	 ﾠ
2001).	 ﾠUnlike	 ﾠD1	 ﾠand	 ﾠD2	 ﾠdopamine	 ﾠreceptors,	 ﾠthe	 ﾠprevailing	 ﾠview	 ﾠis	 ﾠthat	 ﾠM1	 ﾠreceptor	 ﾠactivation	 ﾠdoes	 ﾠnot	 ﾠ
directly	 ﾠregulate	 ﾠglutamatergic	 ﾠsynapse	 ﾠfunction	 ﾠfrom	 ﾠthe	 ﾠpostsynaptic	 ﾠside.	 ﾠStudies	 ﾠof	 ﾠvoltage-ﾭ‐gated	 ﾠ
channels	 ﾠ suggest	 ﾠ M1	 ﾠ receptor	 ﾠ activation	 ﾠ excites	 ﾠ MSNs	 ﾠ by	 ﾠ modulating	 ﾠ potassium	 ﾠ channels	 ﾠ (Ben-ﾭ‐Ari,	 ﾠ
Aniksztejn,	 ﾠ&	 ﾠBregestovski,	 ﾠ1992;	 ﾠCalabresi,	 ﾠCentonze,	 ﾠGubellini,	 ﾠPisani,	 ﾠ&	 ﾠBernardi,	 ﾠ1998b).	 ﾠM1	 ﾠreceptor	 ﾠ
activation	 ﾠreduces	 ﾠthe	 ﾠopening	 ﾠof	 ﾠKv4	 ﾠchannels	 ﾠ(A-ﾭ‐type	 ﾠpotassium	 ﾠchannels)	 ﾠand	 ﾠshifts	 ﾠtheir	 ﾠactivation	 ﾠ
and	 ﾠ inactivation	 ﾠ voltage	 ﾠ dependence	 ﾠ (Akins,	 ﾠ Surmeier,	 ﾠ &	 ﾠ Kitai,	 ﾠ 1990)	 ﾠ in	 ﾠ a	 ﾠ PKC	 ﾠ dependent	 ﾠ process	 ﾠ
(Nakamura,	 ﾠCoetzee,	 ﾠVega-ﾭ‐Saenz	 ﾠDe	 ﾠMiera,	 ﾠArtman,	 ﾠ&	 ﾠRudy,	 ﾠ1997).	 ﾠIn	 ﾠaddition,	 ﾠM1	 ﾠreceptor	 ﾠactivation	 ﾠ
coupled	 ﾠ to	 ﾠ PLCβ	 ﾠ and	 ﾠ PKC	 ﾠ leads	 ﾠ to	 ﾠ membrane	 ﾠ depletion	 ﾠ of	 ﾠ PIP2,	 ﾠ which	 ﾠ modulates	 ﾠ subthreshold	 ﾠ
potassium	 ﾠ conductances	 ﾠ of	 ﾠ Kv7	 ﾠ (M-ﾭ‐channel,	 ﾠ KCNQ)	 ﾠ and	 ﾠ Kir2	 ﾠ (inward-ﾭ‐rectifying	 ﾠ potassium	 ﾠ channel)	 ﾠ
channels	 ﾠ(Shen,	 ﾠ2005;	 ﾠShen	 ﾠet	 ﾠal.,	 ﾠ2007),	 ﾠall	 ﾠcontributing	 ﾠto	 ﾠMSN	 ﾠdepolarization.	 ﾠ
M1	 ﾠreceptor	 ﾠactivation	 ﾠalso	 ﾠregulates	 ﾠMSNs	 ﾠby	 ﾠmodulating	 ﾠCav	 ﾠchannels.	 ﾠM1	 ﾠreceptor	 ﾠactivation	 ﾠ
negatively	 ﾠregulates	 ﾠCav1.3	 ﾠby	 ﾠincreased	 ﾠCa2+	 ﾠmobilization	 ﾠvia	 ﾠphospholipase	 ﾠC	 ﾠand	 ﾠphosphatase	 ﾠ2B	 ﾠ
(PP-ﾭ‐2B)	 ﾠpathway	 ﾠ(Olson	 ﾠet	 ﾠal.,	 ﾠ2005;	 ﾠPerez-ﾭ‐Burgos	 ﾠet	 ﾠal.,	 ﾠ2008;	 ﾠPerez-ﾭ‐Burgos,	 ﾠPrieto,	 ﾠGalarraga,	 ﾠ&	 ﾠBargas,	 ﾠ
2010)	 ﾠwhile	 ﾠreducing	 ﾠcurrents	 ﾠthrough	 ﾠCav2	 ﾠchannels	 ﾠinhibiting	 ﾠthe	 ﾠAHP	 ﾠin	 ﾠMSNs	 ﾠin	 ﾠa	 ﾠpertussis-ﾭ‐toxin-ﾭ‐
sensitive,	 ﾠGβγ-ﾭ‐mediated	 ﾠmembrane	 ﾠdelimited	 ﾠpathway	 ﾠ(Howe	 ﾠ&	 ﾠSurmeier,	 ﾠ1995;	 ﾠPerez-ﾭ‐Rosello,	 ﾠ2005).	 ﾠ
Consistent	 ﾠwith	 ﾠits	 ﾠeffect	 ﾠon	 ﾠpotassium	 ﾠchannels,	 ﾠthe	 ﾠinhibition	 ﾠof	 ﾠthe	 ﾠAHP	 ﾠcan	 ﾠincrease	 ﾠfiring	 ﾠfrequency.	 ﾠ
Therefore,	 ﾠby	 ﾠcoordinated	 ﾠmodulation	 ﾠof	 ﾠthese	 ﾠpotassium	 ﾠand	 ﾠcalcium	 ﾠchannels,	 ﾠACh	 ﾠcan	 ﾠshape	 ﾠthe	 ﾠ
synaptic	 ﾠintegration	 ﾠand	 ﾠspiking	 ﾠactivity	 ﾠin	 ﾠMSNs.	 ﾠ	 ﾠ
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B1.6	 ﾠ Modulation	 ﾠ of	 ﾠ intrinsic	 ﾠ excitability	 ﾠ and	 ﾠ glutamatergic	 ﾠ signaling	 ﾠ by	 ﾠ M2	 ﾠ
receptors:	 ﾠ
M2-ﾭ‐like	 ﾠreceptors	 ﾠare	 ﾠlocated	 ﾠboth	 ﾠpresynaptically	 ﾠand	 ﾠpostsynaptically.	 ﾠM2/3	 ﾠreceptors	 ﾠare	 ﾠ
expressed	 ﾠon	 ﾠpresynaptic	 ﾠglutamatergic	 ﾠterminals	 ﾠ(Alcantara	 ﾠet	 ﾠal.,	 ﾠ2001),	 ﾠwhereas	 ﾠM4	 ﾠreceptors	 ﾠare	 ﾠ
expressed	 ﾠpostsynaptically	 ﾠin	 ﾠMSNs	 ﾠand	 ﾠhave	 ﾠhigher	 ﾠexpression	 ﾠlevels	 ﾠin	 ﾠstriatonigral	 ﾠneurons	 ﾠthan	 ﾠin	 ﾠ
striatopallidal	 ﾠ neurons	 ﾠ (Yan	 ﾠ et	 ﾠ al.,	 ﾠ 2001).	 ﾠ Presynaptically,	 ﾠ M2/3	 ﾠ receptor	 ﾠ activation	 ﾠ can	 ﾠ control	 ﾠ the	 ﾠ
excitatory	 ﾠinputs	 ﾠby	 ﾠreducing	 ﾠglutamatergic	 ﾠtransmission	 ﾠ(Alcantara	 ﾠet	 ﾠal.,	 ﾠ2001;	 ﾠBarral,	 ﾠGalarraga,	 ﾠ&	 ﾠ
Bargas,	 ﾠ1999;	 ﾠCalabresi,	 ﾠCentonze,	 ﾠGubellini,	 ﾠPisani,	 ﾠ&	 ﾠBernardi,	 ﾠ1998a;	 ﾠHigley,	 ﾠSoler-ﾭ‐Llavina,	 ﾠ&	 ﾠSabatini,	 ﾠ
2009;	 ﾠPakhotin	 ﾠ&	 ﾠBracci,	 ﾠ2007).	 ﾠThis	 ﾠpresynaptic	 ﾠinhibition	 ﾠis	 ﾠmediated	 ﾠby	 ﾠinhibition	 ﾠof	 ﾠpresynaptic	 ﾠCav2	 ﾠ
channels	 ﾠand	 ﾠdecrease	 ﾠin	 ﾠprobability	 ﾠof	 ﾠrelease,	 ﾠsimilar	 ﾠto	 ﾠmGluR2	 ﾠand	 ﾠGABAB	 ﾠreceptor	 ﾠsignaling.	 ﾠThis	 ﾠ
modulation	 ﾠ occurs	 ﾠ rapidly	 ﾠ and	 ﾠ causes	 ﾠ a	 ﾠ reduction	 ﾠ in	 ﾠ glutamate	 ﾠ release	 ﾠ at	 ﾠ corticostriatal	 ﾠ and	 ﾠ
thalamostriatal	 ﾠterminals	 ﾠon	 ﾠboth	 ﾠstriatonigral	 ﾠand	 ﾠstriatopallidal	 ﾠMSNs	 ﾠ(Ding	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠ
On	 ﾠthe	 ﾠpostsynaptic	 ﾠside,	 ﾠM4	 ﾠreceptor	 ﾠactivation	 ﾠinhibits	 ﾠCav2	 ﾠchannels	 ﾠand	 ﾠtherefore	 ﾠshapes	 ﾠ
the	 ﾠspiking	 ﾠand	 ﾠup-ﾭ‐state	 ﾠtransitions	 ﾠin	 ﾠMSNs	 ﾠ(Ding	 ﾠet	 ﾠal.,	 ﾠ2006;	 ﾠHowe	 ﾠ&	 ﾠSurmeier,	 ﾠ1995;	 ﾠPerez-ﾭ‐Rosello,	 ﾠ
2005).	 ﾠAlthough	 ﾠM4	 ﾠreceptor	 ﾠmodulation	 ﾠis	 ﾠreadily	 ﾠseen	 ﾠin	 ﾠnearly	 ﾠall	 ﾠMSNs,	 ﾠM4	 ﾠreceptors	 ﾠare	 ﾠexpressed	 ﾠ
at	 ﾠ higher	 ﾠ levels	 ﾠ in	 ﾠ striatonigral	 ﾠ MSNs	 ﾠ (Yan	 ﾠ et	 ﾠ al.,	 ﾠ 2001).	 ﾠ The	 ﾠ function	 ﾠ of	 ﾠ this	 ﾠ imbalance	 ﾠ is	 ﾠ still	 ﾠ not	 ﾠ
understood.	 ﾠIt	 ﾠis	 ﾠlikely	 ﾠthat	 ﾠM4	 ﾠreceptor	 ﾠactivation,	 ﾠtogether	 ﾠwith	 ﾠDA	 ﾠsignaling,	 ﾠproduces	 ﾠdifferential	 ﾠ
modulations	 ﾠin	 ﾠstriatonigral	 ﾠand	 ﾠstriatopallidal	 ﾠMSNs.	 ﾠThe	 ﾠmuscarinic	 ﾠreceptor	 ﾠsignaling	 ﾠmechanisms	 ﾠ
outlined	 ﾠhere	 ﾠare	 ﾠsummarized	 ﾠin	 ﾠFigure	 ﾠB1.1.	 ﾠ	 ﾠ
	 ﾠ 122	 ﾠ
	 ﾠ
Figure	 ﾠB1.1	 ﾠMuscarinic	 ﾠsignaling	 ﾠaffecting	 ﾠthe	 ﾠintegration	 ﾠof	 ﾠglutamatergic	 ﾠsignaling	 ﾠin	 ﾠMSNs.	 ﾠ	 ﾠ
Schematic	 ﾠof	 ﾠa	 ﾠstriatopallidal	 ﾠMSN	 ﾠdendrite	 ﾠand	 ﾠspine.	 ﾠMuscarinic	 ﾠreceptor	 ﾠactivation	 ﾠmodulates	 ﾠglutamate	 ﾠrelease	 ﾠ
and	 ﾠintrinsic	 ﾠexcitability	 ﾠof	 ﾠMSNs	 ﾠby	 ﾠaltering	 ﾠthe	 ﾠgating	 ﾠof	 ﾠCa
2+	 ﾠand	 ﾠK
+	 ﾠchannels.	 ﾠ
	 ﾠ
B1.7	 ﾠModulation	 ﾠof	 ﾠdendritic	 ﾠexcitability:	 ﾠ
ACh	 ﾠactivation	 ﾠof	 ﾠM1	 ﾠreceptors	 ﾠelevates	 ﾠMSN	 ﾠexcitability	 ﾠby	 ﾠpromoting	 ﾠthe	 ﾠclosure	 ﾠof	 ﾠseveral	 ﾠpotassium	 ﾠ
channels	 ﾠ on	 ﾠ the	 ﾠ postsynaptic	 ﾠ side	 ﾠ including	 ﾠ Kv7	 ﾠ (KCNQ)	 ﾠ (Shen,	 ﾠ Hernandez-ﾭ‐Lopez,	 ﾠ Tkatch,	 ﾠ Held,	 ﾠ &	 ﾠ
Surmeier,	 ﾠ2004),	 ﾠand	 ﾠKir2	 ﾠ(Shen	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠUnlike	 ﾠKv7	 ﾠand	 ﾠSK	 ﾠchannels,	 ﾠwhich	 ﾠare	 ﾠactive	 ﾠonly	 ﾠnear	 ﾠ
spike	 ﾠthreshold,	 ﾠKir2	 ﾠchannels	 ﾠare	 ﾠconstitutively	 ﾠactive.	 ﾠKir2	 ﾠchannels	 ﾠare	 ﾠdendritically	 ﾠpositioned	 ﾠin	 ﾠ
MSNs	 ﾠas	 ﾠin	 ﾠmany	 ﾠother	 ﾠtypes	 ﾠof	 ﾠneurons	 ﾠ(Shen	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠThree	 ﾠKir2	 ﾠchannel	 ﾠsubunits	 ﾠare	 ﾠabundant	 ﾠin	 ﾠ
MSNs.	 ﾠThe	 ﾠKir2.1	 ﾠsubunit	 ﾠis	 ﾠlargely	 ﾠrestricted	 ﾠalong	 ﾠdendritic	 ﾠshafts	 ﾠof	 ﾠMSNs.	 ﾠBy	 ﾠcontrast,	 ﾠthe	 ﾠKir2.3	 ﾠ
subunit	 ﾠis	 ﾠfound	 ﾠprimarily	 ﾠin	 ﾠspines.	 ﾠKir2	 ﾠchannels	 ﾠmediate	 ﾠthe	 ﾠhyperpolarization	 ﾠcommon	 ﾠto	 ﾠMSNs	 ﾠat	 ﾠ
rest.	 ﾠACh	 ﾠmodulates	 ﾠKir2	 ﾠconductance,	 ﾠby	 ﾠreducing	 ﾠits	 ﾠopening	 ﾠ(Shen	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠThis	 ﾠprofoundly	 ﾠalters	 ﾠ
dendritic	 ﾠinput	 ﾠresistance	 ﾠ–	 ﾠa	 ﾠkey	 ﾠfactor	 ﾠcontrolling	 ﾠdendritic	 ﾠexcitability	 ﾠand	 ﾠsynaptic	 ﾠintegration.	 ﾠ	 ﾠ
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The	 ﾠ proximity	 ﾠ of	 ﾠ Kir2.3	 ﾠ to	 ﾠ synaptic	 ﾠ inputs	 ﾠ suggests	 ﾠ that	 ﾠ they	 ﾠ hold	 ﾠ the	 ﾠ dendritic	 ﾠ membrane	 ﾠ
potential	 ﾠ near	 ﾠ the	 ﾠ potassium	 ﾠ equilibrium	 ﾠ potential,	 ﾠ dampening	 ﾠ responsiveness	 ﾠ to	 ﾠ excitatory	 ﾠ inputs.	 ﾠ
Closure	 ﾠof	 ﾠthese	 ﾠchannels	 ﾠby	 ﾠM1	 ﾠreceptor	 ﾠactivation	 ﾠenhances	 ﾠintegration	 ﾠof	 ﾠEPSPs	 ﾠin	 ﾠstriatopallidal	 ﾠ
neurons	 ﾠ (Shen	 ﾠ et	 ﾠ al.,	 ﾠ 2007).	 ﾠ The	 ﾠ opening	 ﾠ of	 ﾠ Kir2	 ﾠ channels	 ﾠ depends	 ﾠ on	 ﾠ membrane	 ﾠ lipid	 ﾠ
phosphatidylinositol	 ﾠ 4,5-ﾭ‐bisphosphate	 ﾠ (PIP2).	 ﾠ M1	 ﾠ receptor	 ﾠ activation	 ﾠ reduces	 ﾠ channel	 ﾠ opening	 ﾠ by	 ﾠ
activating	 ﾠPLC	 ﾠand	 ﾠlowering	 ﾠmembrane	 ﾠPIP2	 ﾠlevels.	 ﾠ
Interestingly,	 ﾠthis	 ﾠmodulation	 ﾠis	 ﾠalmost	 ﾠexclusively	 ﾠin	 ﾠstriatopallidal	 ﾠMSNs	 ﾠowing	 ﾠto	 ﾠdifferential	 ﾠ
Kir2	 ﾠsubunit	 ﾠexpression	 ﾠin	 ﾠstriatonigral	 ﾠand	 ﾠstriatopallidal	 ﾠneurons.	 ﾠKir2	 ﾠchannels	 ﾠare	 ﾠconstructed	 ﾠfrom	 ﾠa	 ﾠ
family	 ﾠ of	 ﾠ at	 ﾠ least	 ﾠ four	 ﾠ subunits	 ﾠ (Kir2.1–2.4).	 ﾠKir2.1	 ﾠsubunits	 ﾠhave	 ﾠa	 ﾠhigher	 ﾠaffinity	 ﾠfor	 ﾠbinding	 ﾠPIP2,	 ﾠ
whereas	 ﾠKir2.3	 ﾠsubunits	 ﾠhave	 ﾠa	 ﾠsignificantly	 ﾠlower	 ﾠaffinity.	 ﾠUsing	 ﾠa	 ﾠserial	 ﾠdilution	 ﾠscRT-ﾭ‐PCR	 ﾠstrategy,	 ﾠShen	 ﾠ
et	 ﾠal.	 ﾠshowed	 ﾠthat	 ﾠthe	 ﾠKir2.3	 ﾠmRNA	 ﾠis	 ﾠroughly	 ﾠtwo-ﾭ‐fold	 ﾠhigher	 ﾠin	 ﾠstriatopallidal	 ﾠthan	 ﾠin	 ﾠstriatonigral	 ﾠ
MSNs	 ﾠ(Shen	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠThe	 ﾠconsequence	 ﾠof	 ﾠthis	 ﾠimbalance	 ﾠis	 ﾠthat	 ﾠchannels	 ﾠwith	 ﾠKir2.3	 ﾠsubunits,	 ﾠsuch	 ﾠ
as	 ﾠin	 ﾠstriatopallidal	 ﾠMSNs,	 ﾠare	 ﾠmuch	 ﾠmore	 ﾠpotently	 ﾠmodulated	 ﾠby	 ﾠreceptors	 ﾠcoupled	 ﾠto	 ﾠPLC.	 ﾠ
Thus,	 ﾠburst-ﾭ‐pause	 ﾠfiring	 ﾠactivity	 ﾠin	 ﾠcholinergic	 ﾠinterneurons	 ﾠcreates	 ﾠa	 ﾠtemporal	 ﾠwindow	 ﾠin	 ﾠwhich	 ﾠ
a	 ﾠtransient	 ﾠpresynaptic	 ﾠinhibition,	 ﾠmediated	 ﾠby	 ﾠM2,	 ﾠis	 ﾠfollowed	 ﾠby	 ﾠa	 ﾠperiod	 ﾠof	 ﾠenhanced	 ﾠpostsynaptic	 ﾠ
excitability	 ﾠtriggered	 ﾠby	 ﾠM1	 ﾠreceptors	 ﾠin	 ﾠstriatopallidal	 ﾠMSNs.	 ﾠDuring	 ﾠthis	 ﾠperiod,	 ﾠthe	 ﾠstriatal	 ﾠnetwork	 ﾠis	 ﾠ
strongly	 ﾠ biased	 ﾠ toward	 ﾠ cortical	 ﾠ activation	 ﾠ of	 ﾠ striatopallidal	 ﾠ MSN	 ﾠ ensembles	 ﾠ (Ding	 ﾠ et	 ﾠ al.,	 ﾠ 2010).	 ﾠ The	 ﾠ
indirect	 ﾠpathway,	 ﾠanchored	 ﾠby	 ﾠstriatopallidal	 ﾠMSNs	 ﾠis	 ﾠwidely	 ﾠthought	 ﾠto	 ﾠbe	 ﾠresponsible	 ﾠfor	 ﾠcreating	 ﾠa	 ﾠ
‘no-ﾭ‐go’	 ﾠ signal	 ﾠ to	 ﾠ the	 ﾠ motor	 ﾠ thalamus	 ﾠ (Kravitz	 ﾠ et	 ﾠ al.,	 ﾠ 2010).	 ﾠ Indeed,	 ﾠ recording	 ﾠ in	 ﾠ behaving	 ﾠ monkeys	 ﾠ
suggest	 ﾠthat	 ﾠthe	 ﾠstrongest	 ﾠresponses	 ﾠof	 ﾠTANs	 ﾠwere	 ﾠself-ﾭ‐timed	 ﾠNo-ﾭ‐Go	 ﾠresponses	 ﾠ(Lee,	 ﾠSeitz,	 ﾠ&	 ﾠAssad,	 ﾠ
2006).	 ﾠ
Excitatory	 ﾠ synaptic	 ﾠ transmissions	 ﾠ to	 ﾠ MSNs	 ﾠ are	 ﾠ both	 ﾠ directly	 ﾠ and	 ﾠ indirectly	 ﾠ regulated	 ﾠ by	 ﾠ
muscarinic	 ﾠreceptor	 ﾠsignaling.	 ﾠFirst,	 ﾠglutamatergic	 ﾠEPSCs	 ﾠare	 ﾠpresynaptically	 ﾠsuppressed	 ﾠby	 ﾠcholinergic	 ﾠ	 ﾠ
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agonists	 ﾠ(Hernández-ﾭ‐Echeagaray,	 ﾠStarling,	 ﾠCepeda,	 ﾠ&	 ﾠLevine,	 ﾠ2004)	 ﾠthrough	 ﾠdirect	 ﾠactivation	 ﾠof	 ﾠmAChRs	 ﾠ
on	 ﾠpresynaptic	 ﾠterminals	 ﾠ(Narushima,	 ﾠHashimoto,	 ﾠ&	 ﾠKano,	 ﾠ2006a).	 ﾠSecond,	 ﾠpostsynaptic	 ﾠactivation	 ﾠof	 ﾠ
M1	 ﾠ receptor	 ﾠ can	 ﾠ enhance	 ﾠ responsiveness	 ﾠ of	 ﾠ MSNs	 ﾠ when	 ﾠ they	 ﾠ do	 ﾠ receive	 ﾠ excitatory	 ﾠ input.	 ﾠ It	 ﾠ is	 ﾠ
hypothesized	 ﾠ that	 ﾠ the	 ﾠ cholinergic	 ﾠ system	 ﾠ highlights	 ﾠ activated	 ﾠ excitatory	 ﾠ inputs	 ﾠ but	 ﾠ suppresses	 ﾠ
background	 ﾠ excitation	 ﾠ to	 ﾠ improve	 ﾠ the	 ﾠ signal-ﾭ‐to-ﾭ‐noise	 ﾠ ratio	 ﾠ of	 ﾠ information	 ﾠ carried	 ﾠ by	 ﾠ glutamatergic	 ﾠ
synapses	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠ(Hashimotodani,	 ﾠOhno-ﾭ‐Shosaku,	 ﾠ&	 ﾠKano,	 ﾠ2006).	 ﾠ
B1.8	 ﾠIndirect	 ﾠmodulation	 ﾠof	 ﾠinhibitory	 ﾠsynaptic	 ﾠtransmission	 ﾠby	 ﾠAch:	 ﾠ
In	 ﾠaddition	 ﾠto	 ﾠits	 ﾠdirect	 ﾠmodulation	 ﾠof	 ﾠvoltage-ﾭ‐gated	 ﾠand	 ﾠligand-ﾭ‐gated	 ﾠchannels,	 ﾠACh	 ﾠalso	 ﾠexerts	 ﾠ
its	 ﾠ modulatory	 ﾠ effect	 ﾠ through	 ﾠ the	 ﾠ endocannabinoid	 ﾠ (eCB)	 ﾠ system,	 ﾠ which	 ﾠ may	 ﾠ influence	 ﾠ synaptic	 ﾠ
transmission	 ﾠand	 ﾠsynaptic	 ﾠplasticity	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠ(Figure	 ﾠB1.2).	 ﾠ
	 ﾠ
Figure	 ﾠB1.2	 ﾠInteractions	 ﾠbetween	 ﾠM1	 ﾠand	 ﾠCB1	 ﾠsignaling.	 ﾠ
In	 ﾠ the	 ﾠ striatal	 ﾠ medium	 ﾠ spiny	 ﾠ neuron,	 ﾠ M1	 ﾠ receptor	 ﾠ activation	 ﾠ promotes	 ﾠ PLCβ1/DAGLα-ﾭ‐mediated	 ﾠ
production	 ﾠof	 ﾠ2-ﾭ‐AG	 ﾠto	 ﾠinduce	 ﾠretrograde	 ﾠsuppression	 ﾠof	 ﾠinhibitory	 ﾠsynaptic	 ﾠtransmission.	 ﾠAt	 ﾠexcitatory	 ﾠsynapses,	 ﾠ
lowering	 ﾠACh	 ﾠrelease	 ﾠreduces	 ﾠthe	 ﾠactivity	 ﾠof	 ﾠM1	 ﾠmuscarinic	 ﾠreceptors,	 ﾠwhich	 ﾠleads	 ﾠto	 ﾠenhanced	 ﾠopening	 ﾠof	 ﾠCav1.3	 ﾠ
channels	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ synaptic	 ﾠ depolarization.	 ﾠ The	 ﾠ elevated	 ﾠ Ca2+	 ﾠ influx	 ﾠ results	 ﾠ in	 ﾠ enhanced	 ﾠ production	 ﾠ of	 ﾠ
endocannabinoid	 ﾠand	 ﾠactivation	 ﾠof	 ﾠpresynaptic	 ﾠCB-ﾭ‐1	 ﾠreceptors	 ﾠthat	 ﾠreduce	 ﾠglutamate	 ﾠrelease,	 ﾠwhich	 ﾠis	 ﾠcrucial	 ﾠfor	 ﾠ
LTD	 ﾠinduction	 ﾠin	 ﾠthe	 ﾠstriatum.	 ﾠAbbreviations:	 ﾠPLC,	 ﾠphospholipase	 ﾠC;	 ﾠDAG,	 ﾠ1,2-ﾭ‐diacylglycerol.	 ﾠ	 ﾠ
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Wang	 ﾠet	 ﾠal.	 ﾠrevealed	 ﾠan	 ﾠindirect	 ﾠmechanism	 ﾠwhere	 ﾠM1	 ﾠreceptor	 ﾠsignaling	 ﾠreversibly	 ﾠenhances	 ﾠ
glutamatergic	 ﾠsynaptic	 ﾠtransmission	 ﾠ(Z.	 ﾠWang	 ﾠet	 ﾠal.,	 ﾠ2006).	 ﾠThe	 ﾠmodulation	 ﾠis	 ﾠdependent	 ﾠon	 ﾠCav1.3	 ﾠ
channels	 ﾠand	 ﾠCB1	 ﾠreceptors.	 ﾠM1	 ﾠreceptor	 ﾠpromotes	 ﾠexcitatory	 ﾠglutamatergic	 ﾠtransmission	 ﾠby	 ﾠreducing	 ﾠ
opening	 ﾠof	 ﾠpostsynaptic	 ﾠCav1.3	 ﾠchannels,	 ﾠwhich	 ﾠin	 ﾠturn	 ﾠdiminishes	 ﾠendocannabinoid	 ﾠproduction	 ﾠand	 ﾠ
presynaptic	 ﾠCB1	 ﾠreceptor	 ﾠactivation.	 ﾠ
M1	 ﾠ receptor	 ﾠ activation	 ﾠ also	 ﾠ suppresses	 ﾠ inhibitory	 ﾠ synaptic	 ﾠ transmission	 ﾠ in	 ﾠ MSNs	 ﾠ through	 ﾠ
modulating	 ﾠ the	 ﾠ endocannabinoid	 ﾠ system	 ﾠ (Narushima	 ﾠ et	 ﾠ al.,	 ﾠ 2007).	 ﾠ Tonic	 ﾠ ACh	 ﾠ from	 ﾠ cholinergic	 ﾠ
interneurons	 ﾠconstitutively	 ﾠenhances	 ﾠdepolarization-ﾭ‐induced	 ﾠrelease	 ﾠof	 ﾠendocannabinoids	 ﾠfrom	 ﾠMSNs.	 ﾠ
The	 ﾠretrogradely	 ﾠreleased	 ﾠendocannabinoids	 ﾠcause	 ﾠsuppression	 ﾠof	 ﾠinhibitory	 ﾠsynaptic	 ﾠcurrents	 ﾠin	 ﾠMSNs	 ﾠ
through	 ﾠ presynaptic	 ﾠ CB1	 ﾠ receptors.	 ﾠ Muscarinic	 ﾠ receptor	 ﾠ activation	 ﾠ also	 ﾠ significantly	 ﾠ enhances	 ﾠ
depolarization-ﾭ‐induced	 ﾠ suppression	 ﾠ of	 ﾠ inhibition	 ﾠ (DSI)	 ﾠ in	 ﾠ MSNs	 ﾠ (Narushima	 ﾠ et	 ﾠ al.,	 ﾠ 2007).	 ﾠ
Pharmacological	 ﾠ manipulation	 ﾠ that	 ﾠ elevates	 ﾠ ambient	 ﾠ ACh	 ﾠ level	 ﾠ or	 ﾠ suppresses	 ﾠ spontaneous	 ﾠ firing	 ﾠ of	 ﾠ
cholinergic	 ﾠinterneurons	 ﾠcan	 ﾠenhance	 ﾠor	 ﾠreduce	 ﾠDSI,	 ﾠrespectively.	 ﾠ
Interestingly,	 ﾠM1	 ﾠactivation	 ﾠexerts	 ﾠopposite	 ﾠeffects	 ﾠon	 ﾠendocannabinoid	 ﾠrelease	 ﾠat	 ﾠexcitatory	 ﾠ
and	 ﾠinhibitory	 ﾠsynapses.	 ﾠAt	 ﾠglutamatergic	 ﾠsynapses,	 ﾠM1	 ﾠactivation	 ﾠtonically	 ﾠinhibits	 ﾠendocannabinoid	 ﾠ
release	 ﾠ through	 ﾠ suppressing	 ﾠ the	 ﾠ opening	 ﾠ of	 ﾠ Cav1.3	 ﾠ channels,	 ﾠ whereas	 ﾠ at	 ﾠ inhibitory	 ﾠ synapses,	 ﾠ M1	 ﾠ
receptor	 ﾠ activation	 ﾠ promotes	 ﾠ endocannabinoid	 ﾠ release	 ﾠ and	 ﾠ thus	 ﾠ suppresses	 ﾠ inhibitory	 ﾠ synaptic	 ﾠ
transmission.	 ﾠ This	 ﾠ difference	 ﾠ may	 ﾠ be	 ﾠ attributed	 ﾠ to	 ﾠ differences	 ﾠ in	 ﾠ subcellular	 ﾠ localization	 ﾠ of	 ﾠ M1	 ﾠ
receptors.	 ﾠ Excitatory	 ﾠ synapses	 ﾠ in	 ﾠ MSNs	 ﾠ are	 ﾠ formed	 ﾠ mostly	 ﾠ on	 ﾠ spines	 ﾠ and	 ﾠ inhibitory	 ﾠ synapses	 ﾠ are	 ﾠ
primarily	 ﾠ located	 ﾠ on	 ﾠ dendritic	 ﾠ shafts	 ﾠ and	 ﾠ soma	 ﾠ(Hashimotodani,	 ﾠ Ohno-ﾭ‐Shosaku,	 ﾠ Watanabe,	 ﾠ &	 ﾠ Kano,	 ﾠ
2007;	 ﾠNarushima	 ﾠet	 ﾠal.,	 ﾠ2007;	 ﾠUchigashima	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠThe	 ﾠM1-ﾭ‐CB1	 ﾠmediated	 ﾠexcitatory	 ﾠeffect	 ﾠrequires	 ﾠ
functional	 ﾠinteraction	 ﾠbetween	 ﾠCav1.3	 ﾠand	 ﾠscaffolding	 ﾠproteins	 ﾠShank	 ﾠand	 ﾠHomer,	 ﾠwhich	 ﾠare	 ﾠenriched	 ﾠin	 ﾠ	 ﾠ
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spines	 ﾠ (Olson	 ﾠ et	 ﾠ al.,	 ﾠ 2005).	 ﾠ However,	 ﾠ M1-ﾭ‐mediated	 ﾠ suppression	 ﾠ of	 ﾠ inhibitory	 ﾠ transmission	 ﾠ more	 ﾠ
probably	 ﾠis	 ﾠcaused	 ﾠby	 ﾠdirect	 ﾠenhancement	 ﾠof	 ﾠproduction	 ﾠof	 ﾠendocannabinoids	 ﾠat	 ﾠinhibitory	 ﾠsynapses	 ﾠ
through	 ﾠGq,	 ﾠPLCβ	 ﾠsignaling	 ﾠby	 ﾠM1	 ﾠreceptor	 ﾠactivation.	 ﾠ
Recent	 ﾠ study	 ﾠ also	 ﾠ suggested	 ﾠ that	 ﾠ cholinergic	 ﾠ activation	 ﾠ exerts	 ﾠ strong	 ﾠ di-ﾭ‐synaptic	 ﾠ GABAA-ﾭ‐
mediated	 ﾠinhibition	 ﾠonto	 ﾠstriatal	 ﾠMSNs,	 ﾠwhereas	 ﾠcholinergic	 ﾠneuron	 ﾠinactivation	 ﾠincreases	 ﾠfiring	 ﾠof	 ﾠthese	 ﾠ
MSNs	 ﾠin	 ﾠvivo	 ﾠ(Witten	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠWhile,	 ﾠthe	 ﾠunderlying	 ﾠcircuit	 ﾠmechanism	 ﾠremains	 ﾠunknown,	 ﾠit	 ﾠis	 ﾠlikely	 ﾠ
that	 ﾠ fast-ﾭ‐spiking	 ﾠ interneurons	 ﾠ are	 ﾠ recruited	 ﾠ by	 ﾠ cholinergic	 ﾠ activation.	 ﾠ Fast-ﾭ‐spiking	 ﾠ parvalbumin	 ﾠ
expressing	 ﾠ inhibitory	 ﾠ interneurons	 ﾠ are	 ﾠ strongly	 ﾠ excited	 ﾠ by	 ﾠ acetylcholine	 ﾠ through	 ﾠ nAChRs,	 ﾠ which	 ﾠ are	 ﾠ
widely	 ﾠ expressed	 ﾠ on	 ﾠ presynaptic	 ﾠ terminals	 ﾠ of	 ﾠ these	 ﾠ neurons	 ﾠ (Koós	 ﾠ &	 ﾠ Tepper,	 ﾠ 2002).	 ﾠ Activation	 ﾠ or	 ﾠ
inactivation	 ﾠof	 ﾠcholinergic	 ﾠinterneurons	 ﾠcan	 ﾠdirectly	 ﾠexcite	 ﾠor	 ﾠsuppress	 ﾠfast-ﾭ‐spiking	 ﾠinterneurons	 ﾠfiring.	 ﾠ
These	 ﾠ GABAergic	 ﾠ interneurons	 ﾠ in	 ﾠ turn	 ﾠ provide	 ﾠ strong	 ﾠ corticostriatal	 ﾠ feed-ﾭ‐forward	 ﾠ inhibition	 ﾠ (Gittis,	 ﾠ
Nelson,	 ﾠThwin,	 ﾠPalop,	 ﾠ&	 ﾠKreitzer,	 ﾠn.d.;	 ﾠPlanert,	 ﾠSzydlowski,	 ﾠHjorth,	 ﾠGrillner,	 ﾠ&	 ﾠSilberberg,	 ﾠ2010).	 ﾠ
Taken	 ﾠ together,	 ﾠ ACh	 ﾠ modulation	 ﾠ of	 ﾠ inhibition	 ﾠ consists	 ﾠ of	 ﾠ two	 ﾠ opposing	 ﾠ components,	 ﾠ
simultaneously	 ﾠenhancing	 ﾠdi-ﾭ‐synaptic	 ﾠinhibition	 ﾠby	 ﾠnAChRs	 ﾠwhile	 ﾠsuppressing	 ﾠGABAergic	 ﾠIPSCs	 ﾠthrough	 ﾠ
CB1	 ﾠsignaling.	 ﾠThese	 ﾠtwo	 ﾠmechanisms	 ﾠmay	 ﾠwork	 ﾠin	 ﾠconcert	 ﾠto	 ﾠprovide	 ﾠtwo	 ﾠindependent	 ﾠavenues	 ﾠof	 ﾠ
modulation.	 ﾠNicotinic	 ﾠ receptors	 ﾠ exist	 ﾠ in	 ﾠ fast	 ﾠ spiking	 ﾠ interneurons	 ﾠ of	 ﾠ the	 ﾠ striatum	 ﾠ and	 ﾠ not	 ﾠ in	 ﾠ MSNs.	 ﾠ
Conversely,	 ﾠCB1	 ﾠreceptors	 ﾠare	 ﾠrichly	 ﾠexpressed	 ﾠin	 ﾠMSNs,	 ﾠbut	 ﾠfast	 ﾠspiking	 ﾠinterneurons	 ﾠhave	 ﾠbeen	 ﾠshown	 ﾠ
to	 ﾠbe	 ﾠinsensitive	 ﾠto	 ﾠCB1	 ﾠsignaling	 ﾠin	 ﾠcortex	 ﾠand	 ﾠhippocampus	 ﾠ(Glickfeld	 ﾠ&	 ﾠScanziani,	 ﾠ2006).	 ﾠHowever,	 ﾠ
some	 ﾠfast-ﾭ‐spiking	 ﾠinterneurons	 ﾠin	 ﾠthe	 ﾠstriatum	 ﾠhave	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠbe	 ﾠmodulated	 ﾠby	 ﾠCB1	 ﾠsignaling	 ﾠ
(Narushima,	 ﾠUchigashima,	 ﾠHashimoto,	 ﾠWatanabe,	 ﾠ&	 ﾠKano,	 ﾠ2006b).	 ﾠTherefore,	 ﾠmodulation	 ﾠof	 ﾠinhibition	 ﾠ
by	 ﾠ nAChR	 ﾠ may	 ﾠ only	 ﾠ contribute	 ﾠ to	 ﾠ direct	 ﾠ regulation	 ﾠ in	 ﾠ feed-ﾭ‐forward	 ﾠ inhibition,	 ﾠ while	 ﾠ modulation	 ﾠ by	 ﾠ
mAChR/CB1	 ﾠ signaling	 ﾠ provides	 ﾠ a	 ﾠ feed-ﾭ‐back	 ﾠ component	 ﾠ that	 ﾠ targets	 ﾠ both	 ﾠ FS-ﾭ‐MSN	 ﾠ feedforward	 ﾠ and	 ﾠ
MSN–MSN	 ﾠ collateral	 ﾠ inhibition.	 ﾠ These	 ﾠ two	 ﾠ very	 ﾠ different	 ﾠ forms	 ﾠ of	 ﾠ modulation	 ﾠ differ	 ﾠ in	 ﾠ both	 ﾠ their	 ﾠ	 ﾠ
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temporal	 ﾠscale	 ﾠand	 ﾠtheir	 ﾠcell	 ﾠtype	 ﾠspecificity	 ﾠand	 ﾠhence	 ﾠgenerate	 ﾠdifferent	 ﾠepochs	 ﾠof	 ﾠinhibition	 ﾠthat	 ﾠ
govern	 ﾠthe	 ﾠspiking	 ﾠoutput	 ﾠof	 ﾠMSNs.	 ﾠ
B1.9	 ﾠConcluding	 ﾠremarks:	 ﾠ
In	 ﾠ the	 ﾠ past	 ﾠ few	 ﾠ years,	 ﾠ our	 ﾠ understanding	 ﾠ of	 ﾠ the	 ﾠ signaling	 ﾠ mechanism	 ﾠ controlling	 ﾠ synaptic	 ﾠ
plasticity	 ﾠ in	 ﾠ the	 ﾠ corticostriatal	 ﾠ circuits	 ﾠ by	 ﾠ ACh	 ﾠ has	 ﾠ expanded	 ﾠ significantly.	 ﾠ The	 ﾠ muscarinic	 ﾠ receptor	 ﾠ
signaling	 ﾠcascades	 ﾠoutlined	 ﾠhere	 ﾠare	 ﾠsummarized	 ﾠin	 ﾠFigure	 ﾠB1.3.	 ﾠSeveral	 ﾠlines	 ﾠof	 ﾠevidence	 ﾠconverge	 ﾠto	 ﾠ
suggest	 ﾠthat	 ﾠmuscarinic	 ﾠM1-ﾭ‐like	 ﾠreceptor	 ﾠsignaling	 ﾠenhances	 ﾠdendritic	 ﾠexcitability	 ﾠand	 ﾠspiking	 ﾠof	 ﾠstriatal	 ﾠ
MSNs,	 ﾠwhereas	 ﾠM2-ﾭ‐like	 ﾠ receptor	 ﾠ exerts	 ﾠ the	 ﾠ opposite	 ﾠ effect	 ﾠ in	 ﾠ shaping	 ﾠ excitability.	 ﾠ In	 ﾠ line	 ﾠ with	 ﾠ this	 ﾠ
principle,	 ﾠrecently,	 ﾠa	 ﾠclass	 ﾠof	 ﾠmutated	 ﾠmuscarinic	 ﾠreceptors	 ﾠthat	 ﾠcan	 ﾠbe	 ﾠactivated	 ﾠnon-ﾭ‐invasively	 ﾠ by	 ﾠ
synthetic	 ﾠ ligands	 ﾠ have	 ﾠ been	 ﾠ engineered	 ﾠ (Conklin	 ﾠ et	 ﾠ al.,	 ﾠ 2008).	 ﾠ Among	 ﾠ these,	 ﾠ Designer	 ﾠ Receptors	 ﾠ
Exclusively	 ﾠActivated	 ﾠby	 ﾠDesigner	 ﾠDrugs	 ﾠ(DREADDs)	 ﾠ(Armbruster,	 ﾠLi,	 ﾠPausch,	 ﾠHerlitze,	 ﾠ&	 ﾠRoth,	 ﾠ2007)	 ﾠare	 ﾠ
modified	 ﾠmuscarinic	 ﾠreceptors	 ﾠthat	 ﾠcan	 ﾠno	 ﾠlonger	 ﾠbe	 ﾠactivated	 ﾠby	 ﾠacetylcholine	 ﾠand	 ﾠcan	 ﾠbe	 ﾠactivated	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠB1.3	 ﾠSignal	 ﾠtransduction	 ﾠpathways	 ﾠmediating	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠmuscarinic	 ﾠreceptors	 ﾠin	 ﾠMSNs.	 ﾠ
Abbreviations:	 ﾠACh,	 ﾠacetylcholine;	 ﾠDA,	 ﾠdopamine;	 ﾠDAG,	 ﾠ1,2-ﾭ‐diacylglycerol;	 ﾠM1R,	 ﾠMuscarinic	 ﾠM1	 ﾠreceptor;	 ﾠM2R,	 ﾠ
Muscarinic	 ﾠM2	 ﾠreceptor;	 ﾠIP3,	 ﾠinositol	 ﾠ1,4,5	 ﾠtrisphosphate;	 ﾠNMDAR,	 ﾠNMDA	 ﾠreceptor;	 ﾠPKA,	 ﾠprotein	 ﾠkinase	 ﾠA;	 ﾠPKC,	 ﾠ
protein	 ﾠkinase	 ﾠC;	 ﾠPLC,	 ﾠphospholipase	 ﾠC;	 ﾠPP-ﾭ‐2B,	 ﾠprotein	 ﾠphosphatase	 ﾠ2B;	 ﾠRCS,	 ﾠregulator	 ﾠof	 ﾠcalmodulin	 ﾠsignaling	 ﾠ	 ﾠ
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instead	 ﾠby	 ﾠclozapine-ﾭ‐N-ﾭ‐oxide	 ﾠ(CNO).	 ﾠThe	 ﾠhM3Dq,	 ﾠmodified	 ﾠM3	 ﾠreceptor	 ﾠis	 ﾠGq	 ﾠcoupled	 ﾠand	 ﾠis	 ﾠexcitatory	 ﾠ
(Alexander	 ﾠet	 ﾠal.,	 ﾠ2009),	 ﾠwhereas	 ﾠthe	 ﾠmodified	 ﾠM4	 ﾠreceptor,	 ﾠhM4D,	 ﾠis	 ﾠGi	 ﾠcoupled	 ﾠand	 ﾠinhibits	 ﾠfiring	 ﾠ
(Armbruster	 ﾠet	 ﾠal.,	 ﾠ2007;	 ﾠFerguson	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ
How	 ﾠ a	 ﾠ relatively	 ﾠ sparse	 ﾠ interneuron	 ﾠ population,	 ﾠ such	 ﾠ as	 ﾠ striatal	 ﾠ cholinergic	 ﾠ interneurons,	 ﾠ
contributes	 ﾠ to	 ﾠ in	 ﾠ vivo	 ﾠ function	 ﾠ remains	 ﾠ to	 ﾠ be	 ﾠ elucidated.	 ﾠ One	 ﾠ challenge	 ﾠ we	 ﾠ face	 ﾠ is	 ﾠ that,	 ﾠ using	 ﾠ
conventional	 ﾠtechniques	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠachieve	 ﾠselective	 ﾠcontrol	 ﾠof	 ﾠinterneuron	 ﾠactivities	 ﾠwith	 ﾠtemporal	 ﾠ
and	 ﾠspatial	 ﾠprecision.	 ﾠCholinergic	 ﾠinterneurons	 ﾠare	 ﾠphysically	 ﾠinterspersed	 ﾠwith	 ﾠthe	 ﾠother	 ﾠneurons	 ﾠin	 ﾠthe	 ﾠ
striatum	 ﾠpreventing	 ﾠconventional	 ﾠmanipulations.	 ﾠHowever,	 ﾠrecently	 ﾠdeveloped	 ﾠoptogenetic	 ﾠtools,	 ﾠsuch	 ﾠ
as	 ﾠChannelrhodopsin-ﾭ‐2	 ﾠ(ChR2)	 ﾠand	 ﾠHalorhodopsin	 ﾠ(eNpHr3.0),	 ﾠcan	 ﾠbe	 ﾠexpressed	 ﾠin	 ﾠmammalian	 ﾠneurons	 ﾠ
and	 ﾠused	 ﾠto	 ﾠenhance	 ﾠor	 ﾠsuppress	 ﾠtheir	 ﾠfiring	 ﾠwith	 ﾠmillisecond	 ﾠprecision	 ﾠ(Boyden,	 ﾠZhang,	 ﾠBamberg,	 ﾠNagel,	 ﾠ
&	 ﾠDeisseroth,	 ﾠ2005;	 ﾠChow	 ﾠet	 ﾠal.,	 ﾠ2010;	 ﾠGradinaru,	 ﾠMogri,	 ﾠThompson,	 ﾠHenderson,	 ﾠ&	 ﾠDeisseroth,	 ﾠ2009;	 ﾠF.	 ﾠ
Zhang,	 ﾠWang,	 ﾠBoyden,	 ﾠ&	 ﾠDeisseroth,	 ﾠ2006;	 ﾠF.	 ﾠZhang	 ﾠet	 ﾠal.,	 ﾠ2007).	 ﾠThe	 ﾠdevelopment	 ﾠof	 ﾠtransgenic	 ﾠmice	 ﾠ
expressing	 ﾠ ChR2	 ﾠ or	 ﾠ Cre	 ﾠ specifically	 ﾠ in	 ﾠ cholinergic	 ﾠ interneurons	 ﾠ allows	 ﾠ selective	 ﾠ expression	 ﾠ of	 ﾠ these	 ﾠ
optogenetic	 ﾠtools	 ﾠ(Ren	 ﾠet	 ﾠal.,	 ﾠ2011;	 ﾠWitten	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠNew	 ﾠdevices,	 ﾠsuch	 ﾠas	 ﾠoptrodes,	 ﾠhave	 ﾠbeen	 ﾠ
designed	 ﾠto	 ﾠsimultaneously	 ﾠrecord	 ﾠfrom	 ﾠcells	 ﾠwhile	 ﾠdelivering	 ﾠlight	 ﾠthrough	 ﾠa	 ﾠfiberoptic	 ﾠin	 ﾠvivo	 ﾠallowing	 ﾠ
new	 ﾠ means	 ﾠ of	 ﾠ controlling	 ﾠ cholinergic	 ﾠ interneurons	 ﾠ in	 ﾠ freely	 ﾠ moving	 ﾠ behaving	 ﾠ mice	 ﾠ(Aravanis	 ﾠ et	 ﾠ al.,	 ﾠ
2007).	 ﾠ
These	 ﾠnew	 ﾠapproaches,	 ﾠin	 ﾠcombination	 ﾠwith	 ﾠconventional	 ﾠphysiology	 ﾠand	 ﾠbehavioral	 ﾠanalysis	 ﾠ
should	 ﾠadvance	 ﾠour	 ﾠknowledge	 ﾠof	 ﾠthe	 ﾠcontribution	 ﾠof	 ﾠspecific	 ﾠneuronal	 ﾠpopulations	 ﾠto	 ﾠcircuit	 ﾠfunction.	 ﾠ
For	 ﾠ example,	 ﾠ there	 ﾠ is	 ﾠ a	 ﾠ growing	 ﾠ appreciation	 ﾠ that	 ﾠ many	 ﾠ ‘non-ﾭ‐glutamatergic’	 ﾠ neurons	 ﾠ that	 ﾠ release	 ﾠ
neuromodulators	 ﾠalso	 ﾠco-ﾭ‐release	 ﾠglutamate.	 ﾠUsing	 ﾠoptogentic	 ﾠtools,	 ﾠrecent	 ﾠstudies	 ﾠprovided	 ﾠconvincing	 ﾠ
evidence	 ﾠfor	 ﾠthis	 ﾠtype	 ﾠof	 ﾠphenomenon	 ﾠin	 ﾠdopaminergic	 ﾠ(Stuber,	 ﾠHnasko,	 ﾠBritt,	 ﾠEdwards,	 ﾠ&	 ﾠBonci,	 ﾠ2010;	 ﾠ
Tecuapetla	 ﾠet	 ﾠal.,	 ﾠ2010),	 ﾠserotonergic	 ﾠ(Varga	 ﾠet	 ﾠal.,	 ﾠ2009)	 ﾠand	 ﾠcholinergic	 ﾠneurons	 ﾠ(Ren	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠ	 ﾠ
	 ﾠ 129	 ﾠ
Striatal	 ﾠcholinergic	 ﾠinterneurons	 ﾠexpress	 ﾠvesicular	 ﾠglutamate	 ﾠtransporter	 ﾠ3	 ﾠ(vGluT3)	 ﾠ(Fremeau	 ﾠet	 ﾠal.,	 ﾠ
2002),	 ﾠand	 ﾠglutamate	 ﾠis	 ﾠco-ﾭ‐released	 ﾠat	 ﾠinterneuron	 ﾠterminals	 ﾠ(Higley	 ﾠet	 ﾠal.,	 ﾠ2011).	 ﾠHowever,	 ﾠit	 ﾠremains	 ﾠ
unclear	 ﾠunder	 ﾠwhat	 ﾠcircumstance	 ﾠglutamate	 ﾠis	 ﾠco-ﾭ‐released	 ﾠand	 ﾠwhat	 ﾠthe	 ﾠfunctional	 ﾠsignificance	 ﾠof	 ﾠthis	 ﾠ
would	 ﾠbe.	 ﾠUsing	 ﾠa	 ﾠsimilar	 ﾠapproach,	 ﾠrecent	 ﾠstudies	 ﾠsuggest	 ﾠthat	 ﾠcholinergic	 ﾠactivation	 ﾠexerts	 ﾠstrong	 ﾠdi-ﾭ‐
synaptic	 ﾠ inhibitory	 ﾠ action	 ﾠ onto	 ﾠ striatal	 ﾠ MSNs	 ﾠ (possibly	 ﾠ by	 ﾠ co-ﾭ‐release	 ﾠ of	 ﾠ glutamate	 ﾠ or	 ﾠ activation	 ﾠ of	 ﾠ
nAChRs)	 ﾠ(Witten	 ﾠet	 ﾠal.,	 ﾠ2010).	 ﾠThis	 ﾠnew	 ﾠfinding	 ﾠadds	 ﾠa	 ﾠnovel	 ﾠcomponent	 ﾠto	 ﾠstriatal	 ﾠmicrocircuits	 ﾠ–	 ﾠfeed-ﾭ‐
forward	 ﾠinhibition	 ﾠcontrolled	 ﾠby	 ﾠcholinergic	 ﾠinterneurons.	 ﾠIn	 ﾠthe	 ﾠcoming	 ﾠyears,	 ﾠa	 ﾠmolecular	 ﾠdissection	 ﾠof	 ﾠ
cholinergic	 ﾠfunction	 ﾠwill	 ﾠbe	 ﾠfurther	 ﾠpropelled	 ﾠby	 ﾠoptogentic	 ﾠtools.	 ﾠApplication	 ﾠof	 ﾠthese	 ﾠnew	 ﾠapproaches	 ﾠ
will	 ﾠallow	 ﾠus	 ﾠto	 ﾠgain	 ﾠa	 ﾠbetter	 ﾠunderstanding	 ﾠof	 ﾠcholinergic	 ﾠfunction	 ﾠin	 ﾠthe	 ﾠcortico-ﾭ‐thalamo-ﾭ‐basal	 ﾠganglia	 ﾠ
circuitry,	 ﾠ potentially	 ﾠ accelerating	 ﾠ the	 ﾠ development	 ﾠ of	 ﾠ new	 ﾠ therapeutic	 ﾠ strategies	 ﾠ for	 ﾠ psychomotor	 ﾠ
disorders.	 ﾠ
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Supplemental	 ﾠ Figure	 ﾠ 2.1.	 ﾠ Changes	 ﾠ in	 ﾠ Firing	 ﾠ rate	 ﾠ of	 ﾠ units	 ﾠ in	 ﾠ the	 ﾠ striatum	 ﾠ with	 ﾠ indirect	 ﾠ and	 ﾠ direct	 ﾠ
pathway	 ﾠmodulation.	 ﾠ
A,	 ﾠB,	 ﾠMean	 ﾠand	 ﾠstandard	 ﾠerror	 ﾠof	 ﾠisolated	 ﾠstriatal	 ﾠunits	 ﾠduring	 ﾠindirect	 ﾠ(A)	 ﾠor	 ﾠdirect	 ﾠ(B)	 ﾠpathway	 ﾠstimulation	 ﾠis	 ﾠ
sorted	 ﾠby	 ﾠindex:	 ﾠIChR2	 ﾠ>0.75	 ﾠputative	 ﾠdirectly	 ﾠmodulated	 ﾠ(left)	 ﾠ(n=7	 ﾠunits	 ﾠiSPN,	 ﾠn=9	 ﾠunits	 ﾠdSPN),	 ﾠ0.1	 ﾠto	 ﾠ0.5	 ﾠexcited	 ﾠ
(middle)	 ﾠ(n=11	 ﾠunits	 ﾠiSPN,	 ﾠn=55	 ﾠunits	 ﾠdSPN),	 ﾠand	 ﾠ<-ﾭ‐0.1	 ﾠinhibited	 ﾠ(right)	 ﾠ(n=39	 ﾠunits	 ﾠiSPN,	 ﾠn=10	 ﾠunits	 ﾠdSPN).	 ﾠEach	 ﾠ
unit’s	 ﾠfiring	 ﾠrate	 ﾠis	 ﾠdepicted	 ﾠin	 ﾠthe	 ﾠcolor	 ﾠplot	 ﾠbelow.	 ﾠ	 ﾠ
C.	 ﾠDirectly	 ﾠmodulated	 ﾠunits	 ﾠ(left)	 ﾠhave	 ﾠfaster	 ﾠrise	 ﾠtimes,	 ﾠstronger	 ﾠsustained	 ﾠfiring	 ﾠrates	 ﾠand	 ﾠlower	 ﾠbaseline	 ﾠfiring	 ﾠ
rates	 ﾠthan	 ﾠother	 ﾠexcited	 ﾠstriatal	 ﾠneurons	 ﾠ(middle).	 ﾠ(C)	 ﾠThe	 ﾠfirst	 ﾠ50ms	 ﾠbin	 ﾠafter	 ﾠa	 ﾠlight	 ﾠtransition	 ﾠto	 ﾠshow	 ﾠstatistically	 ﾠ
significant	 ﾠmodulated	 ﾠfiring	 ﾠrates	 ﾠ(>2	 ﾠSD	 ﾠfrom	 ﾠbaseline)	 ﾠas	 ﾠseparated	 ﾠby	 ﾠmodulation	 ﾠcategory	 ﾠas	 ﾠabove.	 ﾠ
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Supplemental	 ﾠFigure	 ﾠ2.2:	 ﾠ
Confirmation	 ﾠof	 ﾠMotor	 ﾠCortex	 ﾠLocation	 ﾠand	 ﾠRelevance.	 ﾠ
A,	 ﾠ Simultaneous	 ﾠ recordings	 ﾠ from	 ﾠ motor	 ﾠ cortex	 ﾠ and	 ﾠ optical	 ﾠ stimulation	 ﾠ of	 ﾠ striatum	 ﾠ is	 ﾠ achieved	 ﾠ via	 ﾠ an	 ﾠ angled	 ﾠ
approach	 ﾠwith	 ﾠthe	 ﾠrecording	 ﾠmulti-ﾭ‐electrode.	 ﾠ	 ﾠ
B,	 ﾠStimulation	 ﾠof	 ﾠmotor	 ﾠcortex	 ﾠat	 ﾠthese	 ﾠcoordinates	 ﾠelicits	 ﾠforepaw	 ﾠtwitches	 ﾠin	 ﾠ4	 ﾠout	 ﾠof	 ﾠ5	 ﾠmice	 ﾠtested.	 ﾠGrey	 ﾠcircles	 ﾠ
indicate	 ﾠlocation	 ﾠin	 ﾠthe	 ﾠcraniotomies	 ﾠwhere	 ﾠforepaw	 ﾠtwitches	 ﾠwere	 ﾠobserved	 ﾠand	 ﾠall	 ﾠareas	 ﾠthat	 ﾠtwitches	 ﾠwere	 ﾠ
observed	 ﾠare	 ﾠreported,	 ﾠcolor	 ﾠcoded	 ﾠby	 ﾠanimal.	 ﾠ	 ﾠ
C,	 ﾠIn	 ﾠhighly	 ﾠtrained	 ﾠanimals	 ﾠ50nl	 ﾠof	 ﾠ100mM	 ﾠGABA	 ﾠwas	 ﾠinjected	 ﾠinto	 ﾠthe	 ﾠmotor	 ﾠcortex	 ﾠ(red	 ﾠarrow),	 ﾠcausing	 ﾠabrupt	 ﾠ
reduction	 ﾠin	 ﾠtask	 ﾠperformance	 ﾠand	 ﾠreaction	 ﾠtime	 ﾠ(c).	 ﾠ
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Supplemental	 ﾠ Figure	 ﾠ 2.3.	 ﾠ Comparison	 ﾠ of	 ﾠ Iearly	 ﾠ vs	 ﾠ IChR2	 ﾠ responses	 ﾠ with	 ﾠ indirect	 ﾠ and	 ﾠ direct	 ﾠ pathway	 ﾠ
modulation.	 ﾠ
A,	 ﾠD,	 ﾠ	 ﾠIearly	 ﾠ(top)	 ﾠand	 ﾠIChR2	 ﾠ(bottom)	 ﾠof	 ﾠeach	 ﾠunit	 ﾠseparated	 ﾠby	 ﾠrecording	 ﾠnumber	 ﾠreveals	 ﾠconsiderable	 ﾠpositive	 ﾠIearly	 ﾠ
activity	 ﾠin	 ﾠmany	 ﾠrecordings	 ﾠwith	 ﾠiSPN(A)	 ﾠbut	 ﾠnot	 ﾠdSPN(D)activation.	 ﾠ	 ﾠ
B,	 ﾠ E,	 ﾠ Iearly	 ﾠ and	 ﾠ IChR2	 ﾠ activity	 ﾠ was	 ﾠ somewhat	 ﾠ anti-ﾭ‐correlated	 ﾠ during	 ﾠ iSPN	 ﾠ activation	 ﾠ (B,	 ﾠ n=193	 ﾠ units,	 ﾠ p<0.001,	 ﾠ
spearman’s	 ﾠcoefficient	 ﾠ-ﾭ‐0.29),	 ﾠand	 ﾠhighly	 ﾠcorrelated	 ﾠduring	 ﾠdSPN	 ﾠactivation	 ﾠ(E,	 ﾠn=136	 ﾠunits,	 ﾠp<0.0001,	 ﾠspearman’s	 ﾠ
coefficient	 ﾠ0.74).	 ﾠ	 ﾠ
C,	 ﾠF,	 ﾠDistributions	 ﾠof	 ﾠIearly	 ﾠare	 ﾠdisplayed	 ﾠfor	 ﾠiSPN	 ﾠ(C)	 ﾠand	 ﾠdSPN	 ﾠ(F)	 ﾠactivation.	 ﾠ
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Supplemental	 ﾠFigure	 ﾠ2.4:	 ﾠLatency	 ﾠof	 ﾠCortical	 ﾠEffects.	 ﾠ
Data	 ﾠwas	 ﾠbinned	 ﾠat	 ﾠ50ms	 ﾠthe	 ﾠfirst	 ﾠbin	 ﾠto	 ﾠsignificantly	 ﾠalter	 ﾠits	 ﾠfiring	 ﾠrate	 ﾠ(>	 ﾠ2	 ﾠstandard	 ﾠdeviations	 ﾠfrom	 ﾠmean	 ﾠfiring	 ﾠ
rate)	 ﾠwas	 ﾠcalculated	 ﾠto	 ﾠget	 ﾠan	 ﾠaverage	 ﾠ	 ﾠlatency	 ﾠof	 ﾠmodulation.	 ﾠdSPN	 ﾠactivation	 ﾠwas	 ﾠfastest	 ﾠat	 ﾠ122.8±6.8	 ﾠms,	 ﾠn=125	 ﾠ
units,	 ﾠfollowed	 ﾠby	 ﾠiSPN	 ﾠincreasing	 ﾠfiring	 ﾠrate	 ﾠ140.5±11.2	 ﾠms,	 ﾠn=90	 ﾠunits,	 ﾠand	 ﾠlastly	 ﾠiSPNs	 ﾠdecreasing	 ﾠfiring	 ﾠrates	 ﾠ
169.3	 ﾠ±	 ﾠ21.8	 ﾠms	 ﾠn=44	 ﾠunits.	 ﾠ	 ﾠ
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Supplemental	 ﾠFigure	 ﾠ2.5	 ﾠ	 ﾠPathway	 ﾠmodulation	 ﾠof	 ﾠpress	 ﾠresponses	 ﾠ
A-ﾭ‐B,	 ﾠThe	 ﾠmodulation	 ﾠby	 ﾠlight,	 ﾠIChR2,	 ﾠfor	 ﾠeach	 ﾠunit	 ﾠwas	 ﾠcalculated	 ﾠduring	 ﾠthe	 ﾠperiod	 ﾠ±250ms	 ﾠaround	 ﾠa	 ﾠpress	 ﾠ(top)	 ﾠor	 ﾠ
500ms	 ﾠafter	 ﾠa	 ﾠfailure	 ﾠtone	 ﾠ(bottom).	 ﾠRed	 ﾠunits	 ﾠindicate	 ﾠunits	 ﾠthat	 ﾠare	 ﾠsignificantly	 ﾠmodulated	 ﾠon	 ﾠthe	 ﾠtrial	 ﾠby	 ﾠtrial	 ﾠ
basis.	 ﾠ	 ﾠ
C,	 ﾠCumulative	 ﾠdistribution	 ﾠof	 ﾠbaseline	 ﾠIpress	 ﾠ are	 ﾠdisplayed	 ﾠfor	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠmice	 ﾠin	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠpathway	 ﾠ
activation	 ﾠare	 ﾠsimilar	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠmice.	 ﾠ
D,	 ﾠcumulative	 ﾠdistribution	 ﾠof	 ﾠthe	 ﾠchange	 ﾠin	 ﾠIpress	 ﾠwith	 ﾠiSPN	 ﾠand	 ﾠdSPN	 ﾠactivation.	 ﾠ
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Supplemental	 ﾠFigure	 ﾠ3.1.	 ﾠCholinergic	 ﾠneurons	 ﾠof	 ﾠthe	 ﾠsubstania	 ﾠinnominata	 ﾠ(SI)	 ﾠand	 ﾠventral	 ﾠpallidum	 ﾠ
(VP)	 ﾠexpress	 ﾠthe	 ﾠvesicular	 ﾠGABA	 ﾠtransporter	 ﾠgene	 ﾠ(vgat).	 ﾠ	 ﾠ	 ﾠ
a.	 ﾠTop,	 ﾠlow	 ﾠmagnification	 ﾠventral	 ﾠview	 ﾠof	 ﾠa	 ﾠsagittal	 ﾠsection	 ﾠfrom	 ﾠa	 ﾠVGAT-ﾭ‐i-ﾭ‐Cre;lsl-ﾭ‐zsGreen
fl/+	 ﾠmouse	 ﾠimmunostained	 ﾠ
for	 ﾠChAT.	 ﾠ	 ﾠBottom,	 ﾠhigh	 ﾠmagnification	 ﾠview	 ﾠof	 ﾠthe	 ﾠSI	 ﾠand	 ﾠbordering	 ﾠVP.	 ﾠChAT
+	 ﾠcells	 ﾠare	 ﾠalso	 ﾠVGAT-ﾭ‐i-ﾭ‐Cre
+.	 ﾠ	 ﾠ	 ﾠ
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Supplemental	 ﾠFigure	 ﾠ3.2.	 ﾠValidation	 ﾠof	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠknock-ﾭ‐in	 ﾠmouse	 ﾠand	 ﾠrAAV	 ﾠstrategy	 ﾠfor	 ﾠCre-ﾭ‐On/Off	 ﾠ
labeling	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠcells.	 ﾠ	 ﾠ	 ﾠ
a-ﾭ‐c.	 ﾠThe	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠmouse	 ﾠexpresses	 ﾠCre	 ﾠselectively	 ﾠin	 ﾠChAT
+	 ﾠGP/NB	 ﾠneurons	 ﾠwith	 ﾠhigh	 ﾠpenetrance.	 ﾠ	 ﾠ	 ﾠ
a.	 ﾠLeft,	 ﾠlow	 ﾠmagnification	 ﾠview	 ﾠof	 ﾠsagittal	 ﾠsection	 ﾠthrough	 ﾠChAT-ﾭ‐i-ﾭ‐Cre/+;lsl-ﾭ‐tdTomato
fl/+	 ﾠmouse	 ﾠimmunostained	 ﾠfor	 ﾠ
ChAT.	 ﾠ	 ﾠRight,	 ﾠinset	 ﾠshowing	 ﾠhigher	 ﾠmagnification	 ﾠview	 ﾠof	 ﾠthe	 ﾠGP	 ﾠand	 ﾠNB.	 ﾠ	 ﾠDashed	 ﾠline	 ﾠapproximates	 ﾠthe	 ﾠboundaries	 ﾠ
for	 ﾠquantifying	 ﾠCre-ﾭ‐reporter	 ﾠand	 ﾠChAT	 ﾠco-ﾭ‐localization.	 ﾠ	 ﾠ	 ﾠ
b.	 ﾠSingle	 ﾠconfocal	 ﾠplane	 ﾠshowing	 ﾠoverlap	 ﾠof	 ﾠCre-ﾭ‐reporter	 ﾠexpression	 ﾠand	 ﾠChAT	 ﾠimmunostaining	 ﾠof	 ﾠChAT
+	 ﾠcells	 ﾠat	 ﾠthe	 ﾠ
GP/NB	 ﾠborder.	 ﾠ	 ﾠ	 ﾠ
c.	 ﾠQuantification	 ﾠof	 ﾠco-ﾭ‐localization	 ﾠbetween	 ﾠthe	 ﾠCre-ﾭ‐reporter	 ﾠand	 ﾠChAT	 ﾠ(n=3	 ﾠmice).	 ﾠ	 ﾠ	 ﾠ
d-ﾭ‐f.	 ﾠTransduction	 ﾠof	 ﾠthe	 ﾠGP	 ﾠin	 ﾠa	 ﾠChAT-ﾭ‐i-ﾭ‐Cre/+	 ﾠmouse	 ﾠwith	 ﾠDIO-ﾭ‐EGFP	 ﾠ(Cre-ﾭ‐On)	 ﾠand	 ﾠFAS-ﾭ‐tdTomato	 ﾠ(Cre-ﾭ‐Off)	 ﾠrAAVs	 ﾠ
effectively	 ﾠtargets	 ﾠGFP	 ﾠand	 ﾠtdTomato	 ﾠto	 ﾠChAT
+	 ﾠand	 ﾠChAT
-ﾭ‐	 ﾠcells	 ﾠrespectively.	 ﾠ	 ﾠ	 ﾠ
d.	 ﾠSagittal	 ﾠsection	 ﾠthrough	 ﾠthe	 ﾠGP	 ﾠfollowing	 ﾠtransduction	 ﾠof	 ﾠthe	 ﾠDIO-ﾭ‐EGFP	 ﾠ(green)	 ﾠand	 ﾠFAS-ﾭ‐tdTomato	 ﾠ(red)	 ﾠrAAVs	 ﾠ
and	 ﾠimmunostaining	 ﾠfor	 ﾠChAT	 ﾠ(magenta).	 ﾠ	 ﾠ	 ﾠ
e.	 ﾠSingle	 ﾠconfocal	 ﾠplane	 ﾠshowing	 ﾠChAT
+	 ﾠcells	 ﾠ(circled	 ﾠin	 ﾠwhite)	 ﾠco-ﾭ‐localized	 ﾠwith	 ﾠGFP	 ﾠbut	 ﾠnot	 ﾠtdTomato.	 ﾠ	 ﾠ	 ﾠ
f.	 ﾠConfocal	 ﾠquantification	 ﾠof	 ﾠco-ﾭ‐localization	 ﾠbetween	 ﾠChAT,	 ﾠGFP	 ﾠand	 ﾠtdTomato	 ﾠ(n=2	 ﾠmice).	 ﾠ	 ﾠ	 ﾠ	 ﾠ
g.	 ﾠ Coronal	 ﾠsection	 ﾠillustrating	 ﾠthe	 ﾠdistribution	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠaxons	 ﾠacross	 ﾠlayers	 ﾠof	 ﾠenthorhinal	 ﾠcortex,	 ﾠa	 ﾠposterior	 ﾠ
cortical	 ﾠarea	 ﾠthat	 ﾠreceives	 ﾠa	 ﾠlarge	 ﾠGP-ﾭ‐FC	 ﾠprojection.	 ﾠChAT-ﾭ‐	 ﾠaxons	 ﾠtarget	 ﾠsuperficial	 ﾠlayers	 ﾠ1	 ﾠand	 ﾠ2/3,	 ﾠin	 ﾠaddition	 ﾠto	 ﾠ
deeper	 ﾠlayers	 ﾠ5	 ﾠand	 ﾠ6,	 ﾠas	 ﾠin	 ﾠanterior	 ﾠcortices	 ﾠincluding	 ﾠM1.	 ﾠ	 ﾠThe	 ﾠChAT+	 ﾠaxons	 ﾠarborize	 ﾠacross	 ﾠall	 ﾠcortical	 ﾠlayers	 ﾠin	 ﾠ
both	 ﾠenthorhinal	 ﾠand	 ﾠanterior	 ﾠcortical	 ﾠareas.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
h.	 ﾠCoronal	 ﾠsections	 ﾠillustrating	 ﾠsubcortical	 ﾠnuclei	 ﾠtargeted	 ﾠby	 ﾠChAT+	 ﾠand	 ﾠChAT-ﾭ‐	 ﾠaxons.	 ﾠ	 ﾠLeft,	 ﾠcoronal	 ﾠatlas.	 ﾠ	 ﾠRight,	 ﾠ
high	 ﾠmagnification	 ﾠviews	 ﾠof	 ﾠsubcortical	 ﾠnuclei.	 ﾠ	 ﾠ
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Supplemental	 ﾠFigure	 ﾠ3.2	 ﾠ(Continued):	 ﾠValidation	 ﾠof	 ﾠChAT-ﾭ‐i-ﾭ‐Cre	 ﾠknock-ﾭ‐in	 ﾠmouse	 ﾠand	 ﾠrAAV	 ﾠstrategy	 ﾠfor	 ﾠ
Cre-ﾭ‐On/Off	 ﾠlabeling	 ﾠof	 ﾠGP-ﾭ‐FC	 ﾠcells.	 ﾠ	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C1.4	 ﾠSupplementary	 ﾠData	 ﾠFor	 ﾠAppendix	 ﾠA:	 ﾠ
Multipoint-ﾭ‐Emitting	 ﾠOptical	 ﾠFibers	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 ﾠ Description	 ﾠ Related	 ﾠto	 ﾠ
Figure	 ﾠ
A.S1	 ﾠ
Power	 ﾠconfined	 ﾠin	 ﾠeach	 ﾠmode	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠinput	 ﾠcoupling	 ﾠ
angle	 ﾠθ	 ﾠ
Figure	 ﾠA.2	 ﾠ
Figure	 ﾠ
A.S2	 ﾠ
Evolution	 ﾠof	 ﾠkjT	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠdistance	 ﾠfrom	 ﾠtaper’s	 ﾠtip	 ﾠfor	 ﾠ7-ﾭ‐,	 ﾠ
2-ﾭ‐	 ﾠand	 ﾠ3-ﾭ‐MPF	 ﾠ
Figure	 ﾠA.3	 ﾠ
Figure	 ﾠ
A.S3	 ﾠ
Optical	 ﾠsetup	 ﾠused	 ﾠfor	 ﾠthe	 ﾠexperiments	 ﾠ Figure	 ﾠA.3	 ﾠ
Figure	 ﾠ
A.S4	 ﾠ
Fluorescence	 ﾠimages	 ﾠ(side	 ﾠview)	 ﾠof	 ﾠtaper’s	 ﾠemission	 ﾠinto	 ﾠa	 ﾠdrop	 ﾠof	 ﾠ
fluorescein	 ﾠfor	 ﾠdifferent	 ﾠinput	 ﾠcoupling	 ﾠangles	 ﾠ
Figure	 ﾠA.3	 ﾠ
Figure	 ﾠ
A.S5	 ﾠ
Fluorescence	 ﾠimages	 ﾠ(top	 ﾠview)	 ﾠof	 ﾠtaper’s	 ﾠemission	 ﾠinto	 ﾠa	 ﾠdrop	 ﾠof	 ﾠ
fluorescein	 ﾠfor	 ﾠthree	 ﾠdifferent	 ﾠinput	 ﾠcoupling	 ﾠangles	 ﾠ
Figure	 ﾠA.3	 ﾠ
Figure	 ﾠ
A.S6	 ﾠ
Fluorescence	 ﾠimages	 ﾠwindows	 ﾠemission	 ﾠinto	 ﾠa	 ﾠdrop	 ﾠof	 ﾠ
Fluorescein:TexasRed:water	 ﾠsolution	 ﾠ
Figure	 ﾠA.5	 ﾠ
Figure	 ﾠ
A.S7	 ﾠ
Output	 ﾠangles	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠinput	 ﾠcoupling	 ﾠangle	 ﾠθ	 ﾠfor	 ﾠa	 ﾠ2-ﾭ‐MPF	 ﾠ
when	 ﾠa	 ﾠyellow	 ﾠlaser	 ﾠ(λY=593nm)	 ﾠis	 ﾠcoupled	 ﾠto	 ﾠits	 ﾠdistal	 ﾠend	 ﾠ
Figure	 ﾠA.6	 ﾠ
Figures	 ﾠ
A.S8	 ﾠ
Output	 ﾠangles	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠinput	 ﾠcoupling	 ﾠangle	 ﾠθ	 ﾠfor	 ﾠmulti-ﾭ‐	 ﾠ
point	 ﾠ emitting	 ﾠ optical	 ﾠ fibers	 ﾠ inserted	 ﾠ into	 ﾠ fluorescein	 ﾠ stained	 ﾠ
coronal	 ﾠmouse	 ﾠbrain	 ﾠslices	 ﾠ
Figure	 ﾠA.4	 ﾠ
Figure	 ﾠ
A.S9	 ﾠ
Schematic	 ﾠrepresentation	 ﾠof	 ﾠthe	 ﾠrealized	 ﾠoptrodes	 ﾠ Figure	 ﾠA.6	 ﾠ
Figures	 ﾠ
A.S10	 ﾠ
Photoelectric	 ﾠeffect	 ﾠin	 ﾠPBS	 ﾠbath	 ﾠ Figure	 ﾠA.6	 ﾠ
Figure	 ﾠ
A.S11	 ﾠ
In-ﾭ‐vivo	 ﾠphotoelectric	 ﾠeffect	 ﾠat	 ﾠθ=3°	 ﾠ Figure	 ﾠA.6	 ﾠ
Figure	 ﾠ
A.S12	 ﾠ
In-ﾭ‐vivo	 ﾠphotoelectric	 ﾠeffect	 ﾠat	 ﾠθ=8°	 ﾠ Figure	 ﾠA.6	 ﾠ
Figures	 ﾠ
A.S13	 ﾠ
Additional	 ﾠdata	 ﾠon	 ﾠin	 ﾠvivo	 ﾠexperiments	 ﾠ
Spiking	 ﾠrate	 ﾠsummary	 ﾠof	 ﾠstable	 ﾠisolated	 ﾠunits	 ﾠrecorded	 ﾠduring	 ﾠin	 ﾠ
vivo	 ﾠexperiments	 ﾠwith	 ﾠ2-ﾭ‐MPFs	 ﾠ
Figure	 ﾠA.6	 ﾠ
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Section	 ﾠ Title	 ﾠ
I	 ﾠ Influence	 ﾠof	 ﾠtaper	 ﾠon	 ﾠwavevector	 ﾠtransversal	 ﾠcomponent	 ﾠ
II	 ﾠ Extended	 ﾠdetails	 ﾠon	 ﾠfluorescein	 ﾠexperiments	 ﾠ
III	 ﾠ Optrode	 ﾠassemblying	 ﾠ
IV	 ﾠ Photoelectric	 ﾠEffect	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ	 ﾠA.S1,	 ﾠ	 ﾠRelated	 ﾠ	 ﾠto	 ﾠ	 ﾠFigure	 ﾠ	 ﾠA2.	 ﾠ	 ﾠPower	 ﾠ	 ﾠconfined	 ﾠ	 ﾠin	 ﾠ	 ﾠeach	 ﾠ	 ﾠmode	 ﾠ	 ﾠas	 ﾠ	 ﾠa	 ﾠ	 ﾠfunction	 ﾠ	 ﾠof	 ﾠ	 ﾠthe	 ﾠ	 ﾠinput	 ﾠ
coupling	 ﾠangle	 ﾠθ.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
l-ﾭ‐-ﾭ‐-ﾭ‐index	 ﾠhas	 ﾠbeen	 ﾠfixed	 ﾠat	 ﾠl=0,1,2,3	 ﾠin	 ﾠpanels	 ﾠ(a),(b),(c)	 ﾠand	 ﾠ(d),	 ﾠrespectively,	 ﾠwhereas	 ﾠm	 ﾠvaries	 ﾠbetween	 ﾠ0	 ﾠand	 ﾠ
100.	 ﾠRed	 ﾠvertical	 ﾠ lines	 ﾠrepresents	 ﾠ the	 ﾠθ	 ﾠlimit	 ﾠgiven	 ﾠby	 ﾠthe	 ﾠfiber	 ﾠnumerical	 ﾠaperture.	 ﾠThe	 ﾠupper	 ﾠinset	 ﾠdefines	 ﾠ
the	 ﾠcoordinate	 ﾠsystems	 ﾠused	 ﾠto	 ﾠformulate	 ﾠthe	 ﾠmodel.	 ﾠ	 ﾠ
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Figure	 ﾠ	 ﾠA.S2,	 ﾠ	 ﾠRelated	 ﾠ	 ﾠto	 ﾠ	 ﾠFigure	 ﾠ	 ﾠA3.	 ﾠ	 ﾠPanels	 ﾠ	 ﾠA,	 ﾠ	 ﾠB	 ﾠ	 ﾠand	 ﾠ	 ﾠC:	 ﾠ	 ﾠevolution	 ﾠ	 ﾠof	 ﾠ	 ﾠkjT	 ﾠ as	 ﾠ	 ﾠa	 ﾠ	 ﾠfunction	 ﾠ	 ﾠof	 ﾠ	 ﾠ
the	 ﾠdistance	 ﾠfrom	 ﾠtaper’s	 ﾠtip	 ﾠfor	 ﾠ7-ﾭ‐-ﾭ‐-ﾭ‐,	 ﾠ2-ﾭ‐-ﾭ‐-ﾭ‐	 ﾠand	 ﾠ3-ﾭ‐-ﾭ‐-ﾭ‐MPF,	 ﾠrespectively.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
Each	 ﾠ filled	 ﾠ area	 ﾠ contains	 ﾠ the	 ﾠ kjT	 ﾠvalues	 ﾠ for	 ﾠ all	 ﾠ modes	 ﾠ carrying	 ﾠ a	 ﾠ light	 ﾠ power	 ﾠ higher	 ﾠ than	 ﾠ the	 ﾠ 1%	 ﾠ with	 ﾠ
respect	 ﾠto	 ﾠthe	 ﾠmost	 ﾠexcited	 ﾠmode.	 ﾠ	 ﾠDashed	 ﾠ	 ﾠline	 ﾠ	 ﾠrepresents	 ﾠ	 ﾠthe	 ﾠ	 ﾠkj	 ﾠ value	 ﾠ	 ﾠinto	 ﾠ	 ﾠthe	 ﾠ	 ﾠtaper.	 ﾠ	 ﾠFor	 ﾠ	 ﾠkjT>	 ﾠ kj,	 ﾠ	 ﾠthe	 ﾠ	 ﾠ
j-ﾭ‐-ﾭ‐-ﾭ‐th	 ﾠ	 ﾠmode	 ﾠ	 ﾠbecomes	 ﾠevanescent	 ﾠand	 ﾠlies	 ﾠin	 ﾠthe	 ﾠgrey	 ﾠarea.	 ﾠRed	 ﾠsymbols	 ﾠidentify	 ﾠwindows	 ﾠposition	 ﾠalong	 ﾠthe	 ﾠ
taper.	 ﾠ
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Figure	 ﾠA.S3,	 ﾠRelated	 ﾠto	 ﾠFigure	 ﾠA3.	 ﾠOptical	 ﾠsetup	 ﾠused	 ﾠfor	 ﾠthe	 ﾠexperiments.	 ﾠ	 ﾠ
	 ﾠ
A	 ﾠ473nm	 ﾠCW	 ﾠlaser	 ﾠis	 ﾠredirected	 ﾠ	 ﾠon	 ﾠthe	 ﾠlens	 ﾠL1	 ﾠthrough	 ﾠtwo	 ﾠmirrors,	 ﾠM1	 ﾠand	 ﾠM2.	 ﾠM2	 ﾠis	 ﾠmoved	 ﾠin	 ﾠorder	 ﾠto	 ﾠ
modify	 ﾠ the	 ﾠinput	 ﾠ coupling	 ﾠ	 ﾠangle	 ﾠ θ.	 ﾠ The	 ﾠ tapered	 ﾠ	 ﾠregion	 ﾠ	 ﾠof	 ﾠ the	 ﾠ fiber	 ﾠ is	 ﾠ immersed	 ﾠ	 ﾠin	 ﾠ a	 ﾠ fluorescein	 ﾠ	 ﾠ(in	 ﾠ
water)	 ﾠ bath,	 ﾠ dropcasted	 ﾠ on	 ﾠ a	 ﾠ polydimethylsiloxane	 ﾠ hydrophobic	 ﾠ surface.	 ﾠ The	 ﾠ fluorescein	 ﾠ emission	 ﾠ is	 ﾠ
collected	 ﾠ	 ﾠby	 ﾠ means	 ﾠ	 ﾠof	 ﾠ a	 ﾠ microscope	 ﾠ	 ﾠobjective	 ﾠ	 ﾠand	 ﾠ	 ﾠvisualized	 ﾠ	 ﾠby	 ﾠ a	 ﾠ CCD	 ﾠ	 ﾠsensor	 ﾠ	 ﾠthrough	 ﾠ	 ﾠa	 ﾠFITC	 ﾠ
filter.	 ﾠ
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 ﾠ
Figure	 ﾠA.S4,	 ﾠRelated	 ﾠto	 ﾠFigure	 ﾠA3.	 ﾠFluorescence	 ﾠ images	 ﾠ(side	 ﾠview)	 ﾠof	 ﾠtaper’s	 ﾠemission	 ﾠinto	 ﾠa	 ﾠ
drop	 ﾠof	 ﾠfluorescein	 ﾠfor	 ﾠdifferent	 ﾠinput	 ﾠcoupling	 ﾠangles.	 ﾠScale	 ﾠbars	 ﾠare	 ﾠ100μm.	 ﾠ
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Figure	 ﾠ A.S5,	 ﾠ Related	 ﾠ	 ﾠto	 ﾠ Figure	 ﾠ A 3.	 ﾠ Fluorescence	 ﾠ	 ﾠimages	 ﾠ	 ﾠ(top	 ﾠ view)	 ﾠ of	 ﾠ taper’s	 ﾠ	 ﾠemission	 ﾠ	 ﾠinto	 ﾠ
fluorescein	 ﾠfor	 ﾠthree	 ﾠdifferent	 ﾠinput	 ﾠangles.	 ﾠScale	 ﾠbars	 ﾠare	 ﾠ100μm.	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ	 ﾠA.S6,	 ﾠ	 ﾠRelated	 ﾠ	 ﾠto	 ﾠ	 ﾠFigure	 ﾠ	 ﾠA5.	 ﾠ	 ﾠFluorescence	 ﾠ	 ﾠ images	 ﾠ	 ﾠwindows	 ﾠ	 ﾠemission	 ﾠ	 ﾠinto	 ﾠ	 ﾠa	 ﾠ	 ﾠdrop	 ﾠ	 ﾠof	 ﾠ
Fluorescein:TexasRed:water	 ﾠ	 ﾠ	 ﾠsolution.	 ﾠ	 ﾠ	 ﾠ	 ﾠ
Panel	 ﾠ	 ﾠ (A):	 ﾠ	 ﾠ Dual	 ﾠ	 ﾠ color	 ﾠ	 ﾠ emission	 ﾠ	 ﾠ from	 ﾠ	 ﾠ two	 ﾠ	 ﾠ different	 ﾠwindows.	 ﾠ Panel	 ﾠ (B):	 ﾠ Dual	 ﾠ color	 ﾠ emission	 ﾠ from	 ﾠ
window	 ﾠH1.	 ﾠScale	 ﾠbars	 ﾠare	 ﾠ100μm.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠA.S7,	 ﾠRelated	 ﾠto	 ﾠFigure	 ﾠA5.	 ﾠOutput	 ﾠangles	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠinput	 ﾠcoupling	 ﾠangle	 ﾠθ	 ﾠfor	 ﾠa	 ﾠ2-ﾭ‐-ﾭ‐-ﾭ‐	 ﾠ
MPF	 ﾠwhen	 ﾠa	 ﾠyellow	 ﾠlaser	 ﾠ(λY=593nm)	 ﾠis	 ﾠcoupled	 ﾠto	 ﾠits	 ﾠdistal	 ﾠend.	 ﾠ	 ﾠ
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Figure	 ﾠ	 ﾠA.S8,	 ﾠRelated	 ﾠ	 ﾠto	 ﾠFigure	 ﾠ	 ﾠA4.	 ﾠOutput	 ﾠ	 ﾠangles	 ﾠ	 ﾠas	 ﾠa	 ﾠfunction	 ﾠ	 ﾠof	 ﾠinput	 ﾠ	 ﾠcoupling	 ﾠ	 ﾠangle	 ﾠ	 ﾠθ	 ﾠfor	 ﾠ
multi-ﾭ‐-ﾭ‐-ﾭ‐point	 ﾠ	 ﾠemitting	 ﾠ	 ﾠoptical	 ﾠ fibers	 ﾠ inserted	 ﾠ	 ﾠinto	 ﾠ fluorescein	 ﾠ	 ﾠ stained	 ﾠ	 ﾠcoronal	 ﾠ	 ﾠmouse	 ﾠ brain	 ﾠ
slices.	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ	 ﾠA.S9,	 ﾠRelated	 ﾠ	 ﾠto	 ﾠFigure	 ﾠ	 ﾠA.6.	 ﾠ	 ﾠ
Panels	 ﾠ	 ﾠ(A)	 ﾠ and	 ﾠ (B):	 ﾠ Schematic	 ﾠ	 ﾠrepresentation	 ﾠ	 ﾠof	 ﾠthe	 ﾠrealized	 ﾠoptrode	 ﾠwith	 ﾠa	 ﾠ7-ﾭ‐-ﾭ‐-ﾭ‐MPF	 ﾠ(panel	 ﾠA)	 ﾠor	 ﾠa	 ﾠ2-ﾭ‐-ﾭ‐-ﾭ‐MPF	 ﾠ
(panel	 ﾠB).	 ﾠPanel	 ﾠ(C):	 ﾠCAD	 ﾠdetail	 ﾠof	 ﾠa	 ﾠ2-ﾭ‐-ﾭ‐-ﾭ‐MPF.	 ﾠ
	 ﾠ
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Figure	 ﾠA.S10,	 ﾠRelated	 ﾠto	 ﾠFigure	 ﾠA6.	 ﾠPhotoelectric	 ﾠ	 ﾠeffect	 ﾠin	 ﾠPBS	 ﾠbath.	 ﾠ	 ﾠ
	 ﾠ
Raw	 ﾠtime	 ﾠtraces	 ﾠrecorded	 ﾠ in	 ﾠa	 ﾠ	 ﾠPBS	 ﾠ	 ﾠbath	 ﾠ	 ﾠfor	 ﾠ	 ﾠconventional	 ﾠ	 ﾠ A1x16-ﾭ‐-ﾭ‐-ﾭ‐3mm-ﾭ‐-ﾭ‐-ﾭ‐50-ﾭ‐-ﾭ‐-ﾭ‐413-ﾭ‐-ﾭ‐-ﾭ‐OA16-ﾭ‐-ﾭ‐-ﾭ‐50	 ﾠ	 ﾠoptrode	 ﾠ	 ﾠfrom	 ﾠ	 ﾠ
Neuronexus	 ﾠ Technologies	 ﾠ 	 ﾠ Inc.	 ﾠ and	 ﾠ the	 ﾠ optrode	 ﾠ based	 ﾠ on	 ﾠ our	 ﾠ tapered	 ﾠ optical	 ﾠ fiber.	 ﾠ Light	 ﾠ blue	 ﾠ area	 ﾠ
represent	 ﾠlight	 ﾠON	 ﾠperiods.	 ﾠ Red	 ﾠarrows	 ﾠ highlight	 ﾠ the	 ﾠphotoelectrical	 ﾠ effect	 ﾠobserved	 ﾠ at	 ﾠON-ﾭ‐-ﾭ‐-ﾭ‐OFF	 ﾠand	 ﾠOFF-ﾭ‐-ﾭ‐-ﾭ‐
ON	 ﾠlaser	 ﾠtransitions.	 ﾠ
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Figure	 ﾠ	 ﾠA.S11,	 ﾠRelated	 ﾠ	 ﾠto	 ﾠFigure	 ﾠ	 ﾠA6.	 ﾠIn-ﾭ‐-ﾭ‐-ﾭ‐vivo	 ﾠ	 ﾠphotoelectric	 ﾠ	 ﾠeffect	 ﾠ	 ﾠat	 ﾠθ=3°.	 ﾠ	 ﾠ
	 ﾠ
Raw	 ﾠ data	 ﾠ collected	 ﾠ	 ﾠat	 ﾠθ~3°	 ﾠduring	 ﾠ in-ﾭ‐-ﾭ‐-ﾭ‐vivo	 ﾠexperiments.	 ﾠ	 ﾠInput	 ﾠ laser	 ﾠpower	 ﾠ was	 ﾠtuned	 ﾠ to	 ﾠabout	 ﾠ 11.8	 ﾠmW.	 ﾠ
Photoelectric	 ﾠnoise	 ﾠ	 ﾠis	 ﾠ	 ﾠdetected	 ﾠ	 ﾠ at	 ﾠ	 ﾠboth	 ﾠ	 ﾠonset	 ﾠ	 ﾠand	 ﾠ	 ﾠoffset	 ﾠ	 ﾠof	 ﾠ	 ﾠlight	 ﾠ	 ﾠON	 ﾠ	 ﾠperiods	 ﾠ	 ﾠ (highlighted	 ﾠ	 ﾠ by	 ﾠ	 ﾠred	 ﾠ	 ﾠ
regions).	 ﾠRecording	 ﾠ sites	 ﾠat	 ﾠ150μm	 ﾠ and	 ﾠ500μm	 ﾠ from	 ﾠ the	 ﾠshank’s	 ﾠ tip	 ﾠrecorded	 ﾠ a	 ﾠvery	 ﾠhigh	 ﾠnoise	 ﾠ due	 ﾠto	 ﾠa	 ﾠ
problem	 ﾠof	 ﾠthe	 ﾠsignal	 ﾠamplification	 ﾠsystem	 ﾠfor	 ﾠthose	 ﾠchannels.	 ﾠ
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Figure	 ﾠ	 ﾠA.S12,	 ﾠRelated	 ﾠ	 ﾠto	 ﾠFigure	 ﾠ	 ﾠA6.	 ﾠIn-ﾭ‐-ﾭ‐-ﾭ‐vivo	 ﾠ	 ﾠphotoelectric	 ﾠ	 ﾠeffect	 ﾠ	 ﾠat	 ﾠθ=8°.	 ﾠ	 ﾠ
	 ﾠ
Raw	 ﾠ data	 ﾠ collected	 ﾠat	 ﾠθ~8°	 ﾠ during	 ﾠ in-ﾭ‐-ﾭ‐-ﾭ‐vivo	 ﾠexperiments.	 ﾠ	 ﾠInput	 ﾠ laser	 ﾠ power	 ﾠ was	 ﾠ tuned	 ﾠ to	 ﾠabout	 ﾠ 33.9	 ﾠ mW.	 ﾠ
Photoelectric	 ﾠnoise	 ﾠis	 ﾠdetected	 ﾠ	 ﾠ at	 ﾠ	 ﾠ both	 ﾠ	 ﾠ onset	 ﾠ	 ﾠ and	 ﾠ	 ﾠ offset	 ﾠ	 ﾠ of	 ﾠ	 ﾠlight	 ﾠ	 ﾠ on	 ﾠ	 ﾠ periods	 ﾠ	 ﾠ (highlighted	 ﾠ	 ﾠ by	 ﾠ	 ﾠ red	 ﾠ	 ﾠ
regions).	 ﾠRecording	 ﾠ sites	 ﾠat	 ﾠ150μm	 ﾠ and	 ﾠ500μm	 ﾠ from	 ﾠ the	 ﾠshank’s	 ﾠ tip	 ﾠrecorded	 ﾠ a	 ﾠvery	 ﾠhigh	 ﾠnoise	 ﾠ due	 ﾠto	 ﾠa	 ﾠ
problem	 ﾠof	 ﾠthe	 ﾠsignal	 ﾠamplification	 ﾠsystem.	 ﾠ
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Figure	 ﾠ	 ﾠA.S13,	 ﾠ Related	 ﾠ	 ﾠto	 ﾠ Figure	 ﾠ	 ﾠA6.	 ﾠSpiking	 ﾠ	 ﾠrate	 ﾠ	 ﾠsummary	 ﾠ	 ﾠof	 ﾠ stable	 ﾠ	 ﾠisolated	 ﾠ	 ﾠunits	 ﾠ	 ﾠrecorded	 ﾠ
during	 ﾠin	 ﾠvivo	 ﾠexperiments	 ﾠ	 ﾠwith	 ﾠ2-ﾭ‐-ﾭ‐-ﾭ‐MPFs.	 ﾠ	 ﾠ
	 ﾠ
Panel	 ﾠ (A)	 ﾠFour	 ﾠunits	 ﾠwere	 ﾠinhibited	 ﾠ by	 ﾠactivating	 ﾠ H2	 ﾠbut	 ﾠ	 ﾠnot	 ﾠ	 ﾠby	 ﾠ	 ﾠactivating	 ﾠ	 ﾠ H1.	 ﾠ	 ﾠPanel	 ﾠ	 ﾠ (B)	 ﾠ	 ﾠNine	 ﾠ	 ﾠ units	 ﾠ	 ﾠ
were	 ﾠ	 ﾠ inhibited	 ﾠ	 ﾠ by	 ﾠ	 ﾠ activating	 ﾠ	 ﾠ H1	 ﾠ	 ﾠ but	 ﾠ	 ﾠ not	 ﾠ	 ﾠ by	 ﾠactivating	 ﾠ H2.	 ﾠ Panel	 ﾠ (C)	 ﾠ Five	 ﾠ units	 ﾠ were	 ﾠ inhibited	 ﾠ by	 ﾠ
activating	 ﾠH1	 ﾠor	 ﾠH2	 ﾠ
	 ﾠ
	 ﾠ
SUPPLEMENTAL	 ﾠEXPERIMENTAL	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 ﾠ
	 ﾠ
	 ﾠ
I-ﾭ‐-ﾭ‐-ﾭ‐	 ﾠInfluence	 ﾠof	 ﾠtaper	 ﾠon	 ﾠwavevector	 ﾠtransversal	 ﾠcomponent	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠA.S2	 ﾠshows	 ﾠkjT	 ﾠvariation	 ﾠalong	 ﾠthe	 ﾠtaper	 ﾠfor	 ﾠseveral	 ﾠvalues	 ﾠof	 ﾠθ	 ﾠfor	 ﾠthe	 ﾠthree	 ﾠMPFs.	 ﾠAt	 ﾠ
θ~0°	 ﾠsome	 ﾠmodes	 ﾠreach	 ﾠthe	 ﾠtaper	 ﾠtip,	 ﾠand	 ﾠare	 ﾠemitted	 ﾠby	 ﾠthe	 ﾠcircular	 ﾠaperture,	 ﾠ	 ﾠbut	 ﾠ	 ﾠweak	 ﾠ	 ﾠ
emission	 ﾠ	 ﾠoccurs	 ﾠ	 ﾠfrom	 ﾠ	 ﾠthe	 ﾠ	 ﾠside	 ﾠ	 ﾠwindows,	 ﾠ	 ﾠdue	 ﾠ	 ﾠthe	 ﾠ	 ﾠlow	 ﾠ	 ﾠkjT	 ﾠvalues	 ﾠat	 ﾠwindows	 ﾠalong	 ﾠthe	 ﾠ
taper.	 ﾠWhen	 ﾠθ	 ﾠis	 ﾠincreased	 ﾠthe	 ﾠinjected	 ﾠmodes	 ﾠevanesce	 ﾠjust	 ﾠafter	 ﾠthe	 ﾠwindow	 ﾠclosest	 ﾠto	 ﾠthe	 ﾠ
tip,	 ﾠwhereas	 ﾠtheir	 ﾠhigher	 ﾠkjT	 ﾠenables	 ﾠefficient	 ﾠ	 ﾠradiation	 ﾠ	 ﾠfrom	 ﾠ	 ﾠthe	 ﾠ	 ﾠoptical	 ﾠ	 ﾠaperture	 ﾠ	 ﾠnear	 ﾠ	 ﾠthe	 ﾠ	 ﾠ
tip.	 ﾠ	 ﾠFor	 ﾠ	 ﾠeven	 ﾠ	 ﾠhigher	 ﾠ	 ﾠθ	 ﾠangles	 ﾠlight	 ﾠout-ﾭ‐-ﾭ‐-ﾭ‐coupling	 ﾠat	 ﾠwindows	 ﾠfarther	 ﾠfrom	 ﾠthe	 ﾠtaper	 ﾠtip	 ﾠis	 ﾠ
facilitated	 ﾠby	 ﾠthe	 ﾠhigher	 ﾠkjT	 ﾠ	 ﾠof	 ﾠinjected	 ﾠmodes,	 ﾠreducing	 ﾠradiation	 ﾠfrom	 ﾠapertures	 ﾠclose	 ﾠto	 ﾠ
the	 ﾠtip.	 ﾠ
	 ﾠ
II-ﾭ‐-ﾭ‐-ﾭ‐	 ﾠExtended	 ﾠdetails	 ﾠon	 ﾠfluorescein	 ﾠexperiments	 ﾠ
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We	 ﾠhere	 ﾠgive	 ﾠmore	 ﾠdetails	 ﾠon	 ﾠexperimental	 ﾠresults	 ﾠobtained	 ﾠwith	 ﾠthe	 ﾠfiber	 ﾠimmersed	 ﾠin	 ﾠa	 ﾠ
fluorescein-ﾭ‐-ﾭ‐-ﾭ‐water	 ﾠbath.	 ﾠThe	 ﾠoptical	 ﾠsetup	 ﾠused	 ﾠfor	 ﾠthe	 ﾠfluorescein	 ﾠexperiments	 ﾠis	 ﾠdisplayed	 ﾠin	 ﾠ
Figure	 ﾠ A.S3,	 ﾠ reporting	 ﾠ also	 ﾠ relative	 ﾠ distances	 ﾠ of	 ﾠ optical	 ﾠ elements,	 ﾠ whereas	 ﾠ Figure	 ﾠ A.S4	 ﾠ
extends	 ﾠthe	 ﾠdata	 ﾠpresentation	 ﾠof	 ﾠFigure	 ﾠA.3D1-ﾭ‐-ﾭ‐-ﾭ‐D3,	 ﾠshowing	 ﾠthe	 ﾠobtained	 ﾠresults	 ﾠfor	 ﾠother	 ﾠ
input	 ﾠcoupling	 ﾠangles.	 ﾠFor	 ﾠcompleteness,	 ﾠin	 ﾠFigure	 ﾠA.S5	 ﾠwe	 ﾠshow	 ﾠa	 ﾠtop	 ﾠview	 ﾠ(yz	 ﾠplane,	 ﾠsee	 ﾠ
Figure	 ﾠA.1A	 ﾠfor	 ﾠaxis	 ﾠdefinition)	 ﾠof	 ﾠthe	 ﾠemission	 ﾠfrom	 ﾠthe	 ﾠoptical	 ﾠwindows,	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠθ.	 ﾠ
Figures	 ﾠ A.S6	 ﾠ and	 ﾠ A.S7	 ﾠ extend	 ﾠ the	 ﾠ results	 ﾠ shown	 ﾠ in	 ﾠ Figure	 ﾠ A.5	 ﾠ concerning	 ﾠ the	 ﾠ multi-ﾭ‐-ﾭ‐-ﾭ‐
wavelength	 ﾠexcitation.	 ﾠ
	 ﾠ
III-ﾭ‐-ﾭ‐-ﾭ‐Optrode	 ﾠassemblying	 ﾠ
	 ﾠ
	 ﾠ
The	 ﾠoptrodes	 ﾠwere	 ﾠrealized	 ﾠby	 ﾠcoupling	 ﾠtogether	 ﾠa	 ﾠ7-ﾭ‐-ﾭ‐-ﾭ‐MPF	 ﾠor	 ﾠa	 ﾠ2-ﾭ‐-ﾭ‐-ﾭ‐MPF	 ﾠand	 ﾠa	 ﾠcommercial	 ﾠ
array	 ﾠof	 ﾠmicroelectrodes	 ﾠrealized	 ﾠon	 ﾠa	 ﾠsilicon	 ﾠshank	 ﾠ(model	 ﾠA1x16	 ﾠ–	 ﾠ
5mm	 ﾠ–	 ﾠ50	 ﾠ–	 ﾠ177	 ﾠ–	 ﾠA16	 ﾠfrom	 ﾠNeuronexus	 ﾠinc.).	 ﾠThe	 ﾠfiber	 ﾠtaper	 ﾠtip	 ﾠwas	 ﾠaligned	 ﾠwith	 ﾠthe	 ﾠtip	 ﾠ
of	 ﾠthe	 ﾠmicroelectrode	 ﾠshank,	 ﾠand	 ﾠthe	 ﾠoptical	 ﾠwindows	 ﾠwere	 ﾠoriented	 ﾠto	 ﾠilluminate	 ﾠthe	 ﾠregion	 ﾠ
just	 ﾠabove	 ﾠthe	 ﾠrecording	 ﾠsites	 ﾠ(see	 ﾠschematic	 ﾠrepresentations	 ﾠin	 ﾠFigure	 ﾠA.S9	 ﾠand	 ﾠthe	 ﾠoptical	 ﾠ
microscope	 ﾠimage	 ﾠin	 ﾠFigure	 ﾠA.5A).	 ﾠThe	 ﾠoptical	 ﾠfiber	 ﾠwas	 ﾠsecured	 ﾠwith	 ﾠUV	 ﾠcurable	 ﾠepoxy	 ﾠon	 ﾠ
the	 ﾠsame	 ﾠPCB	 ﾠon	 ﾠwhich	 ﾠthe	 ﾠsilicon	 ﾠshank	 ﾠwas	 ﾠpreviously	 ﾠsoldered.	 ﾠ
	 ﾠ
IV-ﾭ‐-ﾭ‐-ﾭ‐Photoelectric	 ﾠEffect	 ﾠ
	 ﾠ
Light	 ﾠmediated	 ﾠartifacts	 ﾠ(due	 ﾠto	 ﾠthe	 ﾠBecquerel	 ﾠphotoelectric	 ﾠeffect)	 ﾠare	 ﾠcommon	 ﾠin	 ﾠ	 ﾠoptrode	 ﾠ	 ﾠ
recordings	 ﾠ	 ﾠ(S.K.	 ﾠ Khijwania	 ﾠ et	 ﾠ al.,	 ﾠ 2009;	 ﾠ 	 ﾠX.	 ﾠ Han	 ﾠ et	 ﾠ al.	 ﾠ 2009).	 ﾠ	 ﾠOur	 ﾠtapered	 ﾠ fiber-ﾭ‐-ﾭ‐-ﾭ‐electrode	 ﾠ	 ﾠ
was	 ﾠ designed	 ﾠ to	 ﾠ guide	 ﾠ light	 ﾠ away	 ﾠ from	 ﾠ the	 ﾠ recording	 ﾠsites	 ﾠminimizing	 ﾠthese	 ﾠartifacts.	 ﾠTo	 ﾠ
compare	 ﾠthe	 ﾠlight	 ﾠmediated	 ﾠartifact	 ﾠwe	 ﾠcompared	 ﾠa	 ﾠconventional	 ﾠoptrode	 ﾠ(model	 ﾠA1x16-ﾭ‐-ﾭ‐-ﾭ‐
3mm-ﾭ‐-ﾭ‐-ﾭ‐50-ﾭ‐-ﾭ‐-ﾭ‐413-ﾭ‐-ﾭ‐-ﾭ‐OA16-ﾭ‐-ﾭ‐-ﾭ‐50	 ﾠfrom	 ﾠNeuronexus	 ﾠ Inc.)	 ﾠ to	 ﾠ our	 ﾠ tapered	 ﾠ fiber	 ﾠ electrode	 ﾠ in	 ﾠ a	 ﾠ saline	 ﾠ
bath.	 ﾠLight	 ﾠartifacts	 ﾠare	 ﾠreadily	 ﾠvisible	 ﾠat	 ﾠPFC=33.9mW	 ﾠinput	 ﾠpower	 ﾠon	 ﾠthe	 ﾠtraditional	 ﾠoptrode	 ﾠ
but	 ﾠare	 ﾠnot	 ﾠvisible	 ﾠat	 ﾠany	 ﾠinput	 ﾠangle,	 ﾠeven	 ﾠat	 ﾠPFC=173mW	 ﾠinput	 ﾠpower,	 ﾠon	 ﾠthe	 ﾠtapered	 ﾠfiber	 ﾠ
electrode,	 ﾠas	 ﾠshown	 ﾠin	 ﾠthe	 ﾠsample	 ﾠtraces	 ﾠdisplayed	 ﾠin	 ﾠFigure	 ﾠA.S10.	 ﾠ
As	 ﾠ mentioned	 ﾠ in	 ﾠ the	 ﾠ main	 ﾠ text,	 ﾠ in	 ﾠ in-ﾭ‐-ﾭ‐-ﾭ‐vivo	 ﾠ experiments	 ﾠ photoelectrical	 ﾠ artifacts	 ﾠ at	 ﾠ the	 ﾠ
initiation	 ﾠand	 ﾠtermination	 ﾠof	 ﾠlight	 ﾠON	 ﾠperiods	 ﾠwere	 ﾠrecorded	 ﾠalso	 ﾠby	 ﾠthe	 ﾠoptrode	 ﾠbased	 ﾠon	 ﾠ	 ﾠ
	 ﾠ 157	 ﾠ
tapered	 ﾠfibers,	 ﾠas	 ﾠdisplayed	 ﾠin	 ﾠthe	 ﾠsample	 ﾠraw	 ﾠdata	 ﾠreported	 ﾠin	 ﾠFigures	 ﾠA.S11	 ﾠand	 ﾠA.S12.	 ﾠWe	 ﾠ
attribute	 ﾠthis	 ﾠphenomenon	 ﾠto	 ﾠthe	 ﾠfact	 ﾠthat	 ﾠtissue	 ﾠscattering	 ﾠ	 ﾠ	 ﾠredirect	 ﾠ	 ﾠ	 ﾠpart	 ﾠ	 ﾠ	 ﾠof	 ﾠ	 ﾠ	 ﾠthe	 ﾠ	 ﾠ	 ﾠlight	 ﾠ	 ﾠ	 ﾠon	 ﾠ	 ﾠ	 ﾠ
the	 ﾠ	 ﾠ	 ﾠrecording	 ﾠ	 ﾠ	 ﾠsites,	 ﾠleading	 ﾠ	 ﾠ	 ﾠto	 ﾠphotoelectric	 ﾠeffect.	 ﾠ
	 ﾠ
	 ﾠ
	 ﾠ
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